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Abstract
Catalysis, in general, plays an integral part to many aspects of everyday life.
Next-generation heterogeneous catalysts need well defined site structures to correlate
with activity in order to maximize selectivity and activity.

The building block

methodology is a widely-applicable route to synthesizing single-site catalysts that are
atomically dispersed.
The building block methodology has been used to synthesize a series of
titanosilicates with different site structures that mimic the potential sites in current
titanosilicates. These catalysts have been characterized via EXAFS and gravimetric
analysis. The EXAFS suggest single-site nature for the embedded (TiO4) and surface
(ClTiO3) titanosilicate and suggest composite structure for the two intermediate
titanosilicates ClTiO3 and Cl2TiO2. An embedded tripodal titanosilicate (iPrO)TiO3 was
synthesized as well to mimic the tripodal sites without the presence of chloride ligands.
Alcohol dehydration/dehydrogenation reactions have been used to characterize
the acidity and basicity of heterogeneous catalysts. Isopropanol and ethanol were used
to characterize the embedded TiO4 and embedded tripodal (iPrO)TiO3 building block
titanosilicates as well as the embedded building block vanadium(V)-silicate and
vanadium(IV)-silicate.

The catalysts were highly selective toward isopropanol

dehydration with the post-calcination catalysts exhibiting higher conversion at lower
temperatures than the pre-calcination catalysts.

The titanosilicates exhibited no

selectivity toward ethanol decomposition reactions while the vanadium-silicates were

vi

more selective toward ethylene production. The differences in reactivity and selectivity
illustrate the differences in the type of site and metal used.

vii
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1. Introduction
Catalysis is deeply embedded in the technologies1 our society is dependent
upon.2-4

High demand of engineered products from plastics to synthetic fuels, has

propelled catalysis science over the past 50 years through an era of substantial
progress.

More recently though, the development of new catalysts has made only

incremental progress.2,

3

Even with the progress made over the past few decades,

heterogeneous catalysts are still dependent on the support materials that have been
known for over one hundred years. Metal oxide (MOx) supports, such as silica and
alumina, remain the predominant support materials in heterogeneous catalysis.
Similarly, the methods to attach metals to the surface have remained fairly consistent
over the years. This is a limitation that has led to a situation where only incremental
progress in designing well defined catalysts exists currently.

1.1 Heterogeneous vs. Homogeneous Catalysis
Catalysts can be grouped into one of two main categories: homogeneous, where
the catalyst and the substrate are in the same phase, or heterogeneous, where the
catalyst and substrate are in different phases.

Homogeneous catalysts are more

developed and better understood than their heterogeneous counterparts. This is due, in
large part, to the availability of a number of techniques and speed with which a soluble
metal complex may be characterized. Of the characterization techniques available in
homogeneous catalysis, two are transcendent:

solution NMR and X-ray diffraction

techniques. The intimate knowledge of the catalyst structure that is made available by

1

these techniques can be correlated with catalytic activity enabling site design that
optimizes activity.
The science around homogeneous catalysts has developed to a level of precisely
defining the number of sites present during the catalytic cycle. The notion of “singlesite” is used to describe catalysts that behave uniformly during catalysis and is often
used to describe homogeneous polymerization catalysts. In this context, a catalyst is
said to be single-site if the reaction results in narrow product distributions.5
Homogeneous polymerization catalysts have set the stage for heterogeneous catalysts
and what can be expected in terms of selectivity.
In comparison to homogeneous catalysts, heterogeneous analogues frequently
suffer from the lack of definitive structural characterization. Crystallinity, as in zeolites,
yields the most accurate structural determinations through diffraction methods.
However, structural ambiguity still exists as materials are found to be polycrystalline
where it is now recognized that active sites are frequently associated with defects on
crystal surfaces that form only under in situ conditions.

This greatly increases the

difficulty of characterization and leads to ambiguity as to what the catalytic site really is.
As catalysis scientists begin to design catalytic sites to tailor activity, an intimate
knowledge of the catalytic site structure is needed to know just how to modify the site to
increase selectivity or substrate conversion. Efforts to increase structural knowledge
have included anchoring homogeneous catalysts onto supports, attempting to control
the type of site formed by support modification, and by templating a support. 6-8

2

1.2 Bulk Metal Oxides and Nanostructuring
As homogeneous catalysts continue to be developed, immobilization of catalysts
on supports has gained momentum. Metal oxides represent the majority of supports
used in catalysis. Metal oxides, still used as catalysts in industrial processes, possess
the characteristics needed to be a good support, i.e. relatively low cost and high
stability.

In the quest for high selectivity with high conversion, the immobilization

process has undergone a transformation from a largely empirical approach to one which
involves tailoring the surface to obtain a targeted, well defined catalyst site.
Metal oxides have a varied history in catalysis as both the catalyst 4, 9-15 and the
support.16-29 In the quest for activity, multiple metal oxides have frequently been mixed
to produce new catalysts. When activity was observed, the ratios of metal oxides were
varied to optimize the activity. This empirical approach is time consuming, costly, and
frequently does not give rise to a better understanding of the make-up of the active
catalyst.
The desire for high selectivity is driven primarily by industrial production costs.
The energy necessary to separate and purify products greatly increases the cost of
production while time invested in separation procedures also increases cost as it
increases the production time needed to obtain pure products. Catalysis scientists are
now utilizing interdisciplinary knowledge gained in the past 50 years to synthesize
catalysts that are more selective. A new approach to catalyst synthesis has come from
the quest for higher selectivity: tailoring catalyst sites. By tailoring the site, the catalysis
scientist is working from a “ground up” approach by starting with an idea of the type of

3

site desired and designing a synthetic protocol to obtain that site. This design is part of
a larger area of research, frequently referred to as nanostructuring.

1.3 Nanostructuring catalysts
Nanostructuring in the context of catalysis involves the detailed assembly of
materials over several length domains (FIGURE 1).

In the case of heterogeneous

catalysis, nanostructuring goes beyond the catalytic site and includes how the
catalytically active atoms interact with the support, as well as their spatial relationship to
one another on the surface. Nanostructured catalysts represent a downward focus
toward the catalytic site for the catalysis scientist. This focus on the site marks a new
era in catalysis only possible through advanced synthetic methods and characterization
techniques.

1.3.1 The “catalytic ensemble”
At the atomic level, a heterogeneous catalyst is defined by two parts: the support
and the catalyst ensemble. The catalyst is more than the catalytically active metal on
the support.

Everything in the immediate environment of the anchored precursor

influences catalytic behavior, including the support which usually acts as a polydentate
ligand.30

For this reason, the catalytic site is better referred to as the “catalyst

ensemble” to encompass all surrounding substituents that contribute to the observed
activity or selectivity.31

4

Figure 1: Nanostructuring Length Scales

5

1.4 The support
Heterogeneous catalysis began with the use of pure metals, metal oxides, and
clays in catalysis. With the development of supported catalytic ensembles, metal oxides
became a common support. The discovery of zeolites fueled research into porous
materials as catalysts. This led to the desire for tailorablity in both pore structure and
size. Structure directing agents led to the discovery of many zeolites and the synthesis
of materials with pore sizes in the mesoporous range (2-20 nm).
Many metal oxide supports have one characteristic in common: binding sites, i.e.
hydroxyls or M-O-M bridges. Because hydroxyls are more reactive than that of M-O-M
bridges, the hydroxylated surface will be the focus of our discussion. 30 As one can
imagine, limiting the density and dispersity of hydroxyls on a surface severely limits the
ability to tailor a catalyst. Figure 2 illustrates the types of hydroxyls present on metal
oxides, such as silica. A pure silica surface is terminated with silanols (silica-hydroxyls)
of various types. If this surface is used without modification, the different bonding sites
will produce different types of catalytic ensembles, i.e. non-single site catalysts. Various
researchers have attempted to modify the surfaces to enhance the chances of
synthesizing single-site catalysts. The most common method, thermal pre-treatment, is
used to limit the number of silanols present on the surface by heating the silica to
temperatures that results in condensation of the silanols evolving water and resulting in
≡Si-O-Si≡ bridges.30,

32

By varying the temperature of the thermal treatment, various

catalytic sites can be obtained. Isolated silanols are frequently the goal for single-site
catalysts though and require thermal treatment under vacuum at 600-700oC.30
6

Figure 2: Illustration of Reactive Sites on a Silica Surface

7

However, in achieving isolated silanols, one can easily see that the total number
available for binding active metals can and usually is severely limited.
Thermal treatment is commonly the first step in obtaining single site catalysts.
Some researchers then resort to grafting organometallic complexes to thermally
pretreated surfaces to obtain single-site catalysts.7,

30, 33-35

The use of organometallic

chemistry as a grafting “technology” has both advantages and disadvantages. The
anchoring of a proven organometallic (homogeneous) catalyst on a support can
enhance activity or selectivity while allowing for easy catalyst recovery. However, both
properties can be adversely affected as the support is a ligand with little tailorability.
The immobilization of homogeneous catalysts usually employs three steps: 1)
support selection/pre-treatment, 2) catalyst immobilization, and 3) ancillary ligand
removal. While removal of any ancillary ligands is not always necessary, calcination
often is performed to remove any residual organics and securely “anchor” a catalyst
onto a support, as in the case of CpTiCl3/MCM-41.36 The synthesis of a heterogeneous
catalyst by traditional methods takes several steps. First is preparation of the support,
typically dehydroxylation at high temperatures.

This preparation step is crucial in

preparing site-isolated and/or single-site catalytic centers as it influences the type of site
that will be formed. The support is then impregnated with the catalyst precursor. After
impregnation, catalyst precursor-support is calcined to decompose and remove any
organic groups and securely anchor the catalyst onto the surface of the support. The
goal is to synthesize a catalyst with immobile catalyst sites that are spatially isolated
from one another and which are all identical.

Figure 3 illustrates several common

immobilization schemes.30 Here, a support is initially dehydroxylated to yield isolated
8

Figure 3: Illustration of Typical Grafting Techniques for Organometallic Compounds (From Ref
30)

9

silanols. The catalyst precursor is then introduced which reacts with the silanol to yield
a supported metal complex.
Notestein, et al. immobilized titanium calixarene catalyts on silica to produce
effective single-site titanosilicate epoxidation catalysts.7, 37 The proposed structure of
the titanosilicate (Figure 4) was supported by work using a silicon-calixarene complex
instead of titanium-calixarene to study. Using silicon instead of titanium provided a
spectroscopic probe to study the calixarene binding to the silica surface while proving
that oligomerization of the silicon-calixarene complexes did not occur. Solid state
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NMR of the titanium complex was also used to confirm the immobilization onto the
support by comparing to the silicon analogue shown in Figure 4.7, 37

1.4.1 Zeolites: The Limitation of Crystallinity
Zeolites are an important class of heterogeneous catalysts. Zeolites are porous
crystalline aluminosilicates that have exhibited extraordinary microporous (0.5-2 nm).
Figure 5 is a pictorial representation of the porous network of MFI zeolite where the
vertices are silicon bridged by oxygen linkages. The MFI zeolite category includes
ZSM-5, silicalite-1, and TS-1. The crystallinity allows diffraction methods to be utilized
to characterize the structure of the zeolite. The ease of synthesis, chemical stability,
and well-defined pore structure has led to intense interest in their use as catalysts.
Due to their well defined (crystalline) pore structure, zeolites are commonly
thought of as the ultimate single-site catalysts. That is, however, an oversimplification
as multiple sites can be present in zeolites. This is especially true when the threshold
limits for metal incorporation that yield one type of site are exceeded. The crystalline
nature of zeolites imparts two synthetic limits on catalysts design: 1) metal loadings
10

Figure 4: Silica Supported Calixarene Single-site Catalyst; M = Si, Ti; R = H, CH3 (From reference
# 7)
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must be kept low to maintain crystallinity and 2) obtaining single-site catalytic centers
results in low active metal loadings. As metal loading increases, an expansion of the
unit cell frequently occurs. The silicate structure of the zeolite can only expand so far
before crystallinity is lost. Furthermore, high active metal loading often results in phase
separation into MOx domains intermixed with the zeolite matrix. This phenomenon has
resulted in the development of materials with an ordered porous structure but
amorphous walls.

The MCM family of mesoporous materials developed by Mobil

Corporation is in this category.38
Sites for metal incorporation in zeolites may be created by dealumination or
synthesizing the zeolite without aluminum. Dealumination is performed under harsh
acidic conditions and does not necessarily remove all the aluminum. Because of this,
synthesizing the pure silicate zeolite is the preferred method. The aluminum vacancies
can be used as sites where catalytically active metals react with the silicate.

The

number of vacancy sites dictates the maximum number of possible catalytic sites.
There are two types of sites that can form during immobilization of the catalyst
precursor: 1) framework sites and 2) extra-framework sites. The framework sites are
locations where the metal substitutes into a silicon vacancy in the silicate matrix. The
extra-framework sites are sites where the metal precursor is not completely embedded
in the silicate framework but bind to M-OH groups on the surfaces of the pores.
Preventing the nonspecific formation of extra-framework sites is a reason for limiting the
amount of catalyst precursor interacting with the silicate. In order to obtain zeolitebased single-site catalysts, the metal loading must be small, typically 1-2 wt% metal.
This limitation has important technological implications. If the amount of catalytically
13

active metal could be increased while maintaining isolated single-site catalyst sites, the
amount of catalyst needed per unit product obtained would decrease, thus lowering
production costs. Therefore it would be a significant advancement in catalysis science if
general methodologies could be developed to prepare single-site heterogeneous
catalysts that allow high metal loading in nanostructured catalysts.

1.5 Titanium Silicalite-1 (TS-1): A Case Study
Titanium silicalite-1 (TS-1), an important oxidation catalyst, is possibly the most
studied metal-zeolite to date.39-42 The crystallinity of TS-1, which has an MFI zeolite
structure, has aided in its characterization.

However, despite intense efforts to

characterize the active site, several important aspects of TS-1 are still ambiguous.
Neutron diffraction cannot definitively determine the location of all titanium in the silicate
framework (Wilson, Hijar, and Bordiga).41-44 A closer look at the synthetic approaches
and characterization provides insight into understanding claims regarding its single-site
nature.

Figure 6 illustrates the types of sites present in titanosilicates and those

proposed specifically for TS-1 (site nomenclature adopted from work of Gleeson, et
al.40). Four types of sites are proposed to exist in titanosilicates after calcination: the
tetrapodal, or embedded, site; the tripodal site with three support bonds and one
terminal hydroxyl (Ti-OH); the dipodal site with two support bonds and two terminal
hydroxyls; and the titanyl site, a dipodal site with a titanyl functionality instead of
hydroxyls. Three of the four sites will have similar Ti-O bond lengths while the titanyl
site will have two similar Ti-O bond lengths and one shorter Ti-O bond. Therefore, with
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Figure 6: Illustration of potential titanium sites resulting from common grafting methodologies
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traditional characterization methods, it is hard to distinguish between the majority of
sites that can be present.

1.5.1 Synthesis of TS-1
The most common synthetic approach to preparing TS-1, hydrothermal
synthesis, follows the original patent from EniChem Laboratories that describes the
zeolitic titanosilicate with the formula x TiO2 : (1-x) SiO2 where x is the molar ratio of the
titanium oxide to silicon oxide, x = 0.005-0.04, with a preferable ratio of 0.01-0.025.45
The titanium source is titanium tetrachloride (TiCl4), titanyl chloride (TiOCl2), or titanium
ethoxide (Ti(OC2H5)4) while silica gel or tetraethylorthosilicate (TEOS, Si(OC2H5)4)
serves as the silicon source. An organic amine base, tetrapropylammonium hydroxide,
is added as a structure directing agent. The titanium precursor, silicon precursor, and
base are then placed in a Teflon lined autoclave and heated to accelerate hydrolysis of
the titanium and silicon precursors. The final step in the synthesis is calcination to
remove the residual organics, i.e. the base and alcohols.
An analysis of the synthetic procedure reveals three key concepts that are typical
of modern catalyst synthesis: 1) structural control is limited to the structure directing
agent used, 2) the amount of titanium present influences the type of site present, and 3)
calcination is needed to remove residual organics from the catalyst.

The structure

directing agent determines the pore structure of the zeolite and also affects the
distribution of titanium in the silicate matrix. When the molar ratio of titanium to silicon
exceeds 0.025, more than one type of titanium site is produced.46 This is due to the
titanium substituting into different crystallographic sites (T-sites) in the framework.
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1.5.2 Infrared and Raman Spectroscopy of TS-1
Infrared spectroscopy has been used to help identify titanium substitution into the
silicate matrix by comparing the titanosilicate to the pure silicate. An absorption band at
960 cm-1 has been observed in TS-1 often as a shoulder on the strong Si-O-Si
stretching absorption band at ~1000 cm-1. This band scales with titanium loading and
has been assigned to a Ti-O-Si stretching vibration for “TiO4” units within the SiO2
framework. While quantification of the absorption band has been successful, 39 it is
difficult and has been found to depend on sample preparation methods.

Raman

spectroscopy has also been used to study the nature of the titanium site in TS-1. In
Raman spectroscopy, the Si-O-Si stretch at ~1000 cm-1 is not observed as it is Raman
inactive. However, two absorption bands have been observed in Raman spectroscopy,
960 and 1125 cm-1. The 1125 cm-1 band is obscured in the IR by the framework
stretching modes of SiO2 and has thus been used as a fingerprint band in UV-Raman
(Figure 7).

The 960 cm-1 band is attributed to the collective vibrations of four

tetrahedrally oriented Si-O oscillators perturbed by nearby titanium. The 1125 cm -1
absorption band exhibits enhancement with UV-laser excitation at 244 nm due to a
ligand-to-metal charge transfer transitions (Ti4+-O2-  Ti3+-O-) for tetrahedral titanium
that occur near 244 nm. The two bands are considered fingerprint bands for TS-1. The
intensity of the 1125 cm-1 band, when compared to the intensity of the 380 cm -1 band
(attributed to the MFI structure of TS-1) yields information on the amount of framework
titanium. A high I1125/I380 ratio signifies high framework insertion of the titanium.
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325 nm

244 nm

Figure 7: UV-Raman of TS-1, the highlighted region encircles the enhanced feature
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1.5.3 X-Ray Absorption Fine Structure
X-ray absorption fine structure (XAFS) refers to the fine structure superimposed
on the main absorption edge as a function of X-rays near and above the core level
binding energies of an atom. X-rays are used to probe the nucleus of a metal by
ejecting a core electron from the atom into the continuum of states above bonding
orbitals (Figure 8). When the environment around the absorbing metal center does not
exhibit inversion symmetry, dipole allowed transitions between the 1s and unoccupied
virtual states of the atom are frequently observed. Because these allowed transitions
do not involve complete ionization, these absorptions generally occur above ionization
(0-50 eV), the ejected electron interacts strongly with atoms in the immediate energies
below the ionization absorption edge. In the case of titanium, these “pre-edge” features
are observed within 10-20 eV of the ionization edge.
When the energy of the X-ray reaches the binding energy of the core-level
electron, it becomes unbound (ionization) and leaves the atom. The ejected electron
wave interacts with the atoms around the absorbing atom (Figure 9). The shape of the
absorption edge in this energy region is call X-ray absorption near edge spectroscopy
(XANES). While there is much information about the absorbing atom’s environment in
this region, no analytical theory has been developed that satisfactorily describes the
complex interactions that occur here.
At higher X-ray energies the interactions between ionized electron and nearby
atoms become simpler and first order scattering theory has been developed to model
the effects of backscattering the electron on the absorption edge. Analysis of this
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Figure 8: Transitions Involved in XANES and EXAFS
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Figure 9: Illustration of Scattering in EXAFS
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region of the spectrum is called extended X-ray absorption fine structure (EXAFS). The
EXAFS oscillations are extracted from the background and Fourier transformed to yield
the R-space plots (Figure 10). The R-space plots contain information on the distance
the scattering atom is from the absorbing atom and the number of surrounding
scattering atoms (determined by modeling the amplitude of the features).
Atoms that are in higher coordination shells, i.e. two or more atoms away from
the absorbing atom, have lower scattering amplitudes than the first coordination shell.
The reduction in scattering amplitude increases the difficulty of determining the
coordination number of second coordination shell or higher atoms thus increasing the
uncertainty of the data.

This is a problem in catalysis as many grafting or wet-

impregnation techniques may need to distinguish between a carbon and silicon in the
second shell, with only oxygen in the first shell.

For example, if titanium

tetraisopropoxide is grafted onto silica in a manner where three of the isopropoxide
ligands react with the silica to provide a tripodal titanium species on silica, to determine
the structure of the titanium site, the researcher would have to compare the coordination
number of carbon vs. silicon to determine the environment around the absorbing atom.
Analysis of the second shell for definitive structural characterization is common in
catalysis research.
X-ray absorption near edge structure (XANES) of TS-1 has been used to verify
that tetrahedral titanium is present. The location and intensity of a pre-edge feature,
when observed, relative to the absorption edge, provides insight into the coordination
environment of titanium in various compounds.1 The XANES suggests the coordination
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Figure 10: Extraction of the EXAFS from the Raw Absorption Data
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environment of titanium is tetrahedral, as opposed to penta-coordinate or octahedral
titanium, in the matrix.39 Farges et al. have studied titanium containing minerals and
correlated the position and intensity of the pre-edge feature relative to the absorption
edge (Figure 11).37, 47, 48 They found that as the coordination around titanium increases
from four to six, the pre-edge feature intensity relative to the absorption edge
decreases. Furthermore, the location of the pre-edge feature shifts to higher energy,
i.e. closer to the absorption edge. This correlation has been used by many in catalysis
to provide evidence of the coordination environment around titanium.36, 37, 48, 49
EXAFS has been used to determine the coordination number of the titanium in
several titanosilicates. Analysis of the first scattering shell around titanium is made
difficult by the fact that all the first shell scattering atoms are oxygen since the titanium
source is predominantly the alkoxide. The synthetic protocol thus contributes to the
complexity of the analysis as the analysis must distinguish between M-O-Si, M-O-C
and/or M-O-H bond attachments to the silicate matrix. All three groups have similar
bond lengths. This complexity has led researchers to attempt to analyze the second
shell in more detail. Gleeson et al. analyzed multiple scattering effects to study the
second shell scattering atoms.40

Through analysis of the errors associated with

modeling the data with varying amounts of silicon atoms around the titanium in the
second shell, the authors suggested the titanium sites in TS-1 are tetrapodal (Figure 6).
EXAFS, however, is an averaging technique and cannot conclusively determine the
coordination number where errors can be as large as 10%.50, 51 Therefore, the majority
of the sites may be tetrapodal in TS-1, but small percentages of other types of sites
cannot be ruled out conclusively.
24

Figure 11: XANES pre-edge intensity vs. location for titanium compounds
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1.5.4 Diffraction Studies of TS-1
Diffraction methods are one of the most accurate methods available to
researchers for definitive structure determination of crystalline zeolites. Researchers
have utilized X-ray diffraction to determine the structure of TS-1.

Specifically the

diffraction methods have been used to determine the location of titanium substitution
into the MFI matrix. Synchrotron X-ray sources have been utilized for powder diffraction
studies due to the more intense X-ray source compared to the X-ray sources available
for standard bench-top powder diffractometers.52 The powder diffraction data suggest
the cell volume increased in a manner consistent with titanium insertion as suggested
by computational modeling of TS-1. Furthermore, the notion of a preferred site for
titanium insertion into the framework was considered unlikely, as titanium was thought
to be homogeneously distributed in the framework.52
X-ray diffraction suffers from a low photon scattering contrast ( Z = 8) between
nearby scattering atoms, i.e. silicon (Z = 14) and titanium (Z = 22) in TS-1. Therefore it
is nearly impossible to determine the preferential site location of titanium in the
framework with powder X-ray diffraction (PXRD) data.42 Due to this lack of scattering
contrast in X-ray diffraction, neutron diffraction has been utilized to determine the
location of titanium within the zeolite framework. Neutron diffraction is superior to X-ray
diffraction in terms of contrast between the elements where the difference in neutron
scattering cross-sections, which defines contrast in neutron diffraction, is significant (Si
– 4.15 fm; Ti – 3.44 fm; O – 5.80 fm).41
Three independent powder neutron diffraction studies have been conducted on
TS-1.41-44 In all of these studies studies, TS-1 was obtained via standard hydrothermal
26

synthesis.

However, Henry, et al. utilized

46,48

Ti isotopic labeling to distinguish the

titanium sites from the “silanol nests,” i.e. framework silicon vacancies that result in four
silanols in close proximity.41 The difference in scattering cross-sections between
(4.67 fm) and

46

Ti

48

Ti (-6.06 fm) allows differentiation of sites through enhanced contrast

between titanium and silicon.41 The conclusions of the three studies do not completely
agree on the titanium location. The studies do agree, however, that the insertion into
the framework is non-random as the titanium preferentially inserts into silanol nests of
the silicate framework. The non-random insertion of titanium into the silanol nests is
due to the size of the nest being near that of the resulting tetrapodal centers formed
after titanium insertion.42 Figure 12 is an illustration of the structure of TS-1 with the Tsite numbering scheme.
Henry et al. concluded that titanium inserts predominantly into two sites, T8 &
T10, and possibly into T3 positions.41 Hijar, et al. reported that titanium inserts into sites
T3, T7, T8, T10, and T12.43 Lamberti, et al. reported that titanium inserts into sites T6,
T7, T11, and T10.44 Analysis of the proposed titanium location in the three neutron
diffraction studies suggests there is no significant titanium substitution in sites T2, T4,
and T9. The term “significant substitution” used by Henry et al. has fostered a debate
on the structural ambiguity of TS-1. Even the isotopic study of Henry et al. does not
definitively identify the location of titanium in the framework. They even suggest that
titanium can be present in any of the twelve T-sites, just in extremely small amounts
such that the titanium cannot be distinguished from silicon.41 This is exacerbated by the
low amount of total titanium present in TS-1, typically 1-2 wt%.
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Figure 12: TS-1 Structure with T-site Numbering Scheme
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Bordiga, et al. suggest that the lack of supplementary analysis, i.e.
XANES/EXAFS, IR, Raman, reactivity, etc., on the isotopically labeled TS-1 prepared
by Henry, et al., make the possibility that multiple structural analogues were present in
the samples analyzed by Henry, et al.42 This analysis exposes the possibility that
minor changes in synthesis may yield materials with similar properties on average but
are still different at the atomic level. This was observed by Zhang et al. when different
catalytic precursors were used to synthesize TS-1. Different chemical reactivities were
observed with each material.53

Zhang et al. synthesized TS-1 via four methods:

conventional hydrothermal, organic and inorganic titanium sources, and impregnating
ZSM-5.53 Minor differences were observed in the UV-Raman spectra, specifically a
decrease in the intensity of the enhanced 1125 cm-1 band compared to the 380 cm-1
hydrothermally synthesized TS-1 and the impregnated ZSM-5 exhibited absorbance
typical for tetrahedral and octahedral titanium; while the different titanium precursors
exhibited an absorbance profile consistent with tetrahedral titanium and a significant
band at 280 cm-1 is still under investigation.

The 280 cm -1 band could be due to

hydrated tetrahedral titanium, penta-coordinate titanium, or a combination of titanium
species.53 The DRUV data observed by Zhang, et al. for the conventionally prepared
TS-1 do not agree with what has been observed by other researchers39 due to the
observation of a second absorption feature leading to an overall broad spectrum.

1.5.5 Epoxidation with TS-1
The reactivity of TS-1 toward propylene epoxidation was evaluated in terms of
selectivity for propylene oxide, conversion of the hydrogen peroxide, and efficiency of
hydrogen peroxide. Conventionally prepared TS-1 was superior to other forms of TS29

1.53 However, the differences were small except in the case of the impregnated ZSM-5.
While the impregnated ZSM-5 sample had a higher selectivity to propylene oxide (99.3
% vs. 97.9 %), the conventional TS-1 had a higher conversion of hydrogen peroxide
(94.0 % vs. 58 %) and a higher peroxide efficiency (86.6 % vs. 83.2 %). 53 The study by
Zhang, coupled with the extensive studies by Lamberti and Bordiga,42 serve to highlight
an important aspect of catalyst synthesis:

the synthesis conditions do affect the

product, often dramatically.

1.5.6 Fe-SBA-15: Correlating structure to catalytic activity
The work that has been done on TS-1 is ushering in a new philosophy in
heterogeneous catalysis, structure-activity relationships.

The advantage of knowing

structural details is proven with the insights gained on how TS-1 functions as a catalyst.
Single-site catalysts are necessary to relate observed activity to a particular site
structure. Researchers are now pursuing structural knowledge of other catalysts in a
similar manner to that of TS-1. Guan, et al. has gone further to introduce a structureactivity relationship between the dehydration and oxidative dehydrogenation of ethanol
on Fe-SBA-15.
Guan, et al. correlated catalytic activity toward ethanol dehydration/oxidative
dehydrogenation to the type of site present in Fe-SBA-15.54

The Fe-SBA-15 was

synthesized with varying amounts of iron present and then characterized via DRUV
spectroscopy to determine what type of site was present. DRUV data suggest that at
low loadings, isolated tetrahedral iron centers are present while pyridine adsorption
studies suggest the isolated iron sites exhibit Brønsted acidity. As the iron loading
increases, DRUV data also suggest the presence of multiple iron species. It was found
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that the type of iron present in the silicate dictated the reaction products when used as a
catalyst. The dehydration pathway requires isolated Fe(OSi≡)4 Brønsted centers while
both the dehydration and dehydrogenation pathways are observed at higher iron
loadings.54 This is the first attempt, to the author’s knowledge, of a correlation between
activity and site type in a mesostructured material. This attempt, however, is hindered
by the same issues confronting TS-1: hydrothermal synthesis allows for little structural
control of the active site during synthesis. Correlating catalytic activity to an exact
knowledge of structure, however, is how next generation catalysts will be developed.
Introducing control during synthesis will be crucial in synthesizing next generation
catalysts that are rigorously single-site.

1.6 The Building Block Methodology
The ambiguity in active site structure frequently associated with traditional
synthetic methods in catalysis hinder correlations between structure and activity. The
structure of a certain catalyst ensemble must be known conclusively to allow the jump to
next-generation, single-site catalysts. The ability to correlate observed activity with a
specific catalytic ensemble requires the catalyst be rigorously single-site. A synthetic
methodology by which nanostructured materials may be built up from rigid building
blocks has been developed to address this challenge and allow structure-activity
correlations in a general context of atomically dispersed metals in silicate support
matrices.55
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1.6.1 The [(CH3)3Sn]8Si8O20 Building Block
The cubic spherosilicate, Si8O208-, is ideal as a building block for silica supported
catalyst construction (Figure 13).55-57 Functionalizing the terminal oxygen atoms with
alkyltin groups, i.e. trimethyltin or tri-n-butyltin, provides an effective leaving group for
metathesis reactions with main group and transition metal chlorides. This reaction is
described in detail elsewhere.55-58 Briefly, the tin-functionalized spherosilicate is reacted
with metal or main group chlorides under non-aqueous conditions to produce small
oligomeric clusters consisting of one linking atom (e.g. titanium) surrounded by the
cubic silicates (Figure 14). This step is followed by a second dose involving an inert
silyl chloride, for example SiCl4, (CH3)2SiCl2, etc. to further cross-link the oligomers
forming a rigid silicate containing atomically disperse catalytic sites (Figure 15). Finally,
an excess of (CH3)3SiCl (TMSCl) is added to remove residual alkyltin groups (Figure
16).
At this point, only an atomically dispersed catalytic site is obtained. The sites are
atomically dispersed due to the spatial separation of the tin cube reactive sites (the
alkyltin sites on the corners of the silicate cubes).

Obtaining single-site catalysts

involves varying the stoichiometry of the reaction.57, 58 The linker-to-tin cube ratio must
be adjusted to form only small oligomeric complexes in the first step. For titanium
tetrachloride, the maximum ratio to obtain single-site, embedded TiO4 catalytic sites is
0.75 TiCl4 to 1 tin cube. Any ratio below 0.75:1 will provide embedded TiO4 sites, while
increasing the ratio results in a distribution of catalytic sites, i.e. a distribution of TiO 4,
ClTiO3, Cl2TiO2, & Cl3TiO sites. Therefore the stoichiometry of the reaction, i.e. the
linker-to-tin cube ratio, is critical to obtaining single-site catalysts.
32
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Figure 13: Crystal structure of the cube core of the building block; the blue ellipsoids represent
silicon and the red ellipsoids represent oxygen
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+ 4 Me3SnCl

Figure 14: Reaction of Metal Chloride with "Tin Cube"
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Figure 15: Second Dose of Sequential Addition - Creating a Rigid Matrix
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Figure 16: Final Dose of Sequential Addition - Removal of Residual Me3Sn-groups
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The sequence of doses with controlled stoichiometry is called “the method of
sequential additions.” The method allows the type of catalyst to be varied. Through
normal addition methods “embedded” catalysts (i.e. have maximum connectivity to the
silicate matrix) are synthesized. For titanium, the embedded sites would resemble the
framework sites of TS-1.

Reversing the addition sequence, adding the inert silyl

chloride before the catalytically active metal chloride, provides a synthetic avenue to
surface catalytic sites (Figure 17). Surface catalytic sites are different from embedded
sites, just as the name implies, by virtue of a different connectivity, i.e. the minimum
connectivity possible to the silicate matrix.
This synthetic protocol is broadly applicable to high valent metal chloride
complexes that will react with the tin-functionalized spherosilicate. Some of the metal
chlorides that have been investigated in our labs are: TiCl4, (iPrO)TiCl3, AlCl3, SnCl4,
WCl6, WOCl4, ZrCl4, PCl3, VOCl3, VCl4, SiCl4, HSiCl3, (CH3)2SiCl2, etc. The generality
of the synthesis coupled with the ease of tailoring the type of site presents us with a
unique opportunity to produce catalysts that contain strictly one type of site. The main
requirement that the high valent metal complex contain a M-Cl bond further extends the
ability to design the catalyst precursor. Provided M-Cl bonds exist in the precursor, the
metal center can be tailored to mimic sites in current catalysts such as using
trichlorotitanium isopropoxide ((iPrO)TiCl3) to mimic the sites in Ti-MCM-41 or include
chiral centers to introduce or maintain chirality during catalysis.

This allows the

catalysis scientist considerable latitude in tailoring sites to a desired function. This level
of design approaches that enjoyed in homogeneous catalysis.
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Figure 17:

The Building Block Methodology Roadmap to Surface or Embedded

Catalysts
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1.7 Alcohol Dehydration/Dehydrogenation

Alcohol dehydration/oxidative dehydrogenation studies have a long history as a
method to characterize the acidity of catalysts.9,

10, 59-64

Catalysts have been studied

with temperature programmed surface reaction (TPSR) using alcohols to count active
sites, identify the product distributions, and determine kinetic parameters.9, 64
Industrially significant, dehydration/dehydrogenation of alcohols is an efficient
route to many precursors used in the synthesis of fine chemicals. 54 With selectivity and
conversion dependent on the acidity or basicity of the catalyst, methods to study and
quantify these properties of the catalysts have been developed.9,

10, 64

Temperature

programmed surface reaction (TPSR) of alcohols has been utilized to describe the
acidic or basic character of the catalyst, quantify the number of active sites, and
determine kinetic data.

1.7.1 Isopropanol
Isopropanol is a common probe molecule utilized to test for solid acidity or
basicity.59-70 Catalysts that are solid acids dehydrate isopropanol to propylene (Figure
18) and isopropyl ether. The reaction to form isopropyl ether is a bimolecular coupling
reaction that is kinetically slower and occurs at lower temperatures than the dehydration
to propylene.71 The dehydrogenation of isopropanol to acetone is indicative of basic
sites existing in the matrix also (Figure 18).
While some researchers choose to just report the reactivity,60-62, 65, 66, 72, 73 Wachs
has advanced the temperature programmed surface reaction technique as a way to
describe catalysts through identification of reaction products and quantification of the
40
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Figure 18: Isopropanol dehydration/dehydrogenation reaction
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number of active sites.64 Using alcohols instead of the more traditional amines as a
probe of acidity is viewed as more appropriate for catalysis since the alcohol undergoes
a catalytic process to desorb from the catalyst. While amines continue to be favored
over alcohols, the information obtained via temperature programmed desorption only
supplies the type of site, qualitatively as weak, moderate, or strong, and the
quantification of sites. Furthermore, differentiation between amine adsorption onto the
support or the active site is difficult.

The catalytic decomposition of the alcohols,

however, allows the differentiation of sites as well as provides a description of the type
of site present, i.e. acidic or basic. For example, in the case of titanosilicates, the
temperature at which the desorption occurs can be equated to the decomposition of
alcohols adsorbed onto titanium centers or on the silica surface through comparison
with pure silica and titania. Silica has a higher desorption temperature than titania so
the alcohols should desorb from the titanium sites first.9, 10, 64

1.7.2 Ethanol
Ethanol has received attention lately due to the ever-increasing need for energy
and the desire for non-petroleum based energy sources. Bio-ethanol, ethanol derived
from non-petroleum sources such as cellulose, is commonly viewed as an alternative
energy source.54 As petroleum deposits dwindle and costs increase, a way to produce
ethylene or acetaldehyde from ethanol will be needed to supply the plastics industry
with these important feed stocks. Characterizing the reactivity of catalysts toward the
decomposition of ethanol is vital to a non-petroleum based energy economy.
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Ethanol is dehydrated to form ethylene or diethyl ether and dehydrogenated to
form acetaldehyde (Figure 19). Ethanol, a primary alcohol, is possibly a better probe of
acidity than isopropanol since it is less reactive toward dehydration due to the instability
of the primary cationic center presumably involved in the formation of the dehydration
product.71 The lower reactivity toward dehydration may provide deeper insight into the
activity of the catalyst ensemble.
Several groups have studied the catalytic decomposition of ethanol with bulk
metal oxides13, 15 while others have focused on impregnated solids.54, 74-76 The work by
Guan, et al. (discussed in section 1.5.6) attempted to equate the type of site in Fe-SBA15 to the type of product formed. These authors concluded that isolated Brønsted
acidic iron centers produced ethylene while dispersed iron oxide domains produced
acetaldehyde. The comparison of TS-1 and Ti-MCM-41 by Rhee & Lee is particularly
interesting as these two titanosilicates exhibit different reactivities toward ethanol
decomposition even though the titanium loadings are similar. 77 It was observed that TiMCM-41 exhibited twice the total conversion at 475 oC compared to TS-1, however both
were more selective toward acetaldehyde than propene. The high ethanol conversion
and selectivity toward acetaldehyde for TS-1 was observed by other researchers who
proved titanium was needed for acetaldehyde production by comparing TS-1 to
silicalite-1.75 The authors assert that this difference could be due to the difference in
specific surface area; however, the type of sites in Ti-MCM-41 and TS-1 are perceived
to be different. TS-1 is considered to contain tetrapodal Ti(OSi≡)4 sites39 while that of
Ti-MCM-41 is proposed to contain tripodal HOTi(OSi≡)3 sites.78 The different reactivities
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Figure 19: Ethanol dehydration/dehydrogenation reactions
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could be due to this difference in the structure. However, the authors do not attempt to
explain the structure of the titanium in the catalysts except to say it is tetrahedral (via
XANES).77
The catalytic decomposition of ethanol with vanadia on silica catalysts was also
studied via temperature programmed desorption (TPD) and the results are opposite to
that observed for TS-1 and Ti-MCM-41.74 Ethylene was found to be the major product
with minor amounts of acetaldehyde, carbon monoxide, and carbon dioxide. Based on
this data, TS-1 and Ti-MCM-41 catalysts are better oxidation catalysts than vanadia on
silica.

1.8 Dissertation Overview
Catalysts are integral to many aspects of modern life. As energy needs increase
and resources dwindle, the need for more selective catalysts will increase. This need
fuels the research into “next-generation” catalysts.

In the following chapters, next-

generation atomically-dispersed, single-site building block-based titanosilicates are
synthesized and characterized (Chapter 2). Chapter 3 focuses on the construction of a
catalysis micro-reactor for gas-phase catalysis studies by the Barnes group. Finally,
Chapter 4 describes the catalytic activity toward the dehydration or dehydrogenation of
isopropanol and ethanol with single-site building block-based titanosilicates and
vanadosilicates.
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Chapter 2: Synthesis, Spectroscopic Characterization, and
EXAFS of Titanosilicates
Titanosilicates have a long and extensive history as oxidation and solid acid
catalysts.

The search for ultra-selective next generation catalysts has led to the

development of single-site heterogeneous catalysts that are believed to exhibit superior
selectivity and activity. Titanium silicalite-1 (TS-1) is one of the most studied single-site
catalysts. The goal of the building block method is to synthesize a titanosilicate catalyst
with fully characterized, rigorously single-site catalytic centers.

2.1 Experimental
All reactions were performed using standard Schlenk line techniques. Hexanes
and toluene (Fisher Scientific) were dried over sodium/potassium alloy (Na/K) and
stored under vacuum in Schlenk vessels. Due to the reactivity of metal chlorides with
silanols present on the surface of glassware, all glassware used was treated with
chlorotrimethylsilane (TMSCl, Sigma-Aldrich, 97%) before use. The [(CH3)3SnO]8Si8O12
building block, referred to hereafter as “tin cube,” was synthesized via literature
procedures.79 Titanium tetrachloride (TiCl4, Sigma Aldrich, 99%), silicon tetrachloride
(SiCl4, Sigma Aldrich), dichlorodimethylsilane (Me2SiCl2, Sigma Aldrich), and titanium
isopropoxide (Ti(OiPr)4, Sigma Aldrich, 99%) were distilled prior to use and stored under
vacuum in Schlenk vessels.

Trichlorotitanium isopropoxide 80 (Cl3Ti(OC3H7)) and
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tetrakis(triphenylsiloxy)titanium81 Ti[OSi(C6H5)3]4 were prepared according to previously
reported literature methods.
Titanium tetrachloride was transferred into a reaction flask via vapor transfer from
a capillary with a known inner diameter. Knowing the volume of a cylinder as a function
of length (i.e. the capillary) and the density of TiCl4 allows the mass of titanium
tetrachloride transferred to be estimated via the length of the capillary. A more accurate
measurement of the mass of titanium tetrachloride added to the reaction flask is
determined by weight difference of the capillary before versus after the addition.
Samples with names in “quotations” in the section headings refer to single site samples
in which the site composition for every site is known and identical, i.e. the titanosilicate
exhibits single-site character. Names <bracketed> in the section headings refer to the
average composition of all sites present and do not represent single-site character.
Visible Raman spectra were obtained at the University of Tennessee – Knoxville
with the assistance of Mr. Michael Peretich using a Horbia Jobin Yvon T64000
spectrometer (600 groves/mm) equipped with a Synapse CCD detector. Spectra were
obtained using the single spectrograph mode of operation, which yielded a spectral
window of ~2200 cm-1 and spectral resolution of ~2 cm-1.

487.9 and 514.5 nm

excitations from a Coherent Innova 200 argon ion laser was used. The samples were
pressed into pellets and approximately 10 mW of the laser was focused onto the sample
through a 10x microscope objective. Multiple spectra at different parts of the sample
were collected and compared to determine if sample degradation had occurred.
Ultraviolet-Raman spectra were collected at the Center for Nanophase Material
Science (CNMS) at Oak Ridge National Laboratory by Dr. Zili Wu. Raman spectra were
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collected via fiber optics on the spectragraph stage of a triple spectrometer (Princeton
Instruments Acton Trivista 555). Edge filters were used in front of the UV-vis fiber optic
bundle (Princeton Instruments) to block the laser irradiation (the Rayleigh scattered light
at the laser wavelength).

244 nm laser exciation is obtained via second-harmonic

generation (SHG) from an Ar ion laser (Coherent, MotorFred I300C) from the
fundamental at 488 nm.

A HeCd laser (Melles Griot) emits the 325 and 442 nm

excitations while a solid state laser (Princeton Scientific, MSL 532-50) emits the 532-nm
excitation. The laser spot size is ca. 50-150 m with laser power ranging from 2 to 20
mW, depending on the laser wavelength used. The sample sits on a XY stage (Prior
Scientific, OptiScan XY system) and translates in raster mode while collecting the
spectrum. The fast translation has been shown to eliminate/minimize any laser damage
of the samples. Cyclohexane solution is used as a standard for the calibration of the
Raman shifts.
X-ray absorption spectroscopy was performed at the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory on Beamlines X19A and X18B. All
samples were prepared at UTK and sealed in aluminum or polycarbonate sample
holders in an inert atmosphere dry box. The sample holders (Figure 20) were sealed
with 12 m (0.50 mil) polypropylene film (Chemplex 475) and shipped to NSLS prior to
scheduled beamtime. With one exception, all samples were analyzed in fluorescence
mode at room temperature on beamline X19A (focused beam; 2-17 keV energy range;
2 mm x 1 mm spot size) with a 12-channel Ge solid state detector or on beamline X18B
(unfocused beam; 4.8-40 keV energy range; 25 mm x 1.5 mm spot size) with a solid
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Figure 20: Sample holders used for EXAFS analysis
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state passivated implanted planar silicon (PIPS) detector.

The incident beam was

detuned 30% to eliminate the second harmonics from the main monochromator. The
titanosilicate model compound tetrakis(triphenylsiloxy)titanium was analyzed in
transmission mode on beamline X19A.

2.1.1 Experimental Protocol for Collection of XANES and EXAFS Data
Spectra were recorded in 4 energy regions around the titnanium k-edge (4966
eV): -150 to -20 eV below the edge in 5 eV steps with 1 second integration times, -20 to
30 eV through the edge in 0.1 or 0.3 eV steps and 1 second integration times, 30 eV to
12 k in 0.05-k steps with 2 second integration time per step, and 12 k to 16 k or 18 k in
0.05-k steps with 4 second integration times. The switch from energy (eV) to k in the
scan parameters deals with the electron and its wavelike properties after the binding
energy is surpassed. When the photon energy exceeds the binding energy (E o) of the
core electron, the electron has kinetic energy and propagates out from the atom in a
wave-like manner. This is represented in k-space as:

k
where

2

2m
E Eo
2


is the wavelength of the emitted electron, m is the mass of the electron, ħ is the

reduced Planck Constant (h/2 ), E is the energy of the X-ray, and Eo is the binding
energy of the emitted electron.82

As the electron wave propagates away from the

central atom, it interacts with neighboring atoms resulting in a scattered wavefunction.
The scattering results in interference, both constructive and destructive, that is
dependent on the distance between the absorber nucleus and backscattering atom and
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electron wavelength.

The k-space plot is the distance distribution interferogram

obtained from the scattering without the underlying absorption background.82
Calibration scans were not run simultaneous to energy scans on each sample
due to the lack of sufficient transmitted X-rays resulting from the sample thickness.
Calibration was therefore performed using a titanium foil (K-edge = 4966.0 eV at the first
inflection point of the 1st derivative spectrum) before and after data collection of each
sample. Drift of the X-ray energy was less than 0.3 eV throughout the scanning of the
samples. Three to six scans were obtained for each sample.
XANES and EXAFS data analysis were performed using the IFEFFIT83 data
analysis software suite. Data reduction was performed using the program Athena and
modeling of the data with the program Artemis.84 Individual scans were merged into a
single averaged spectrum in Athena.

Glitches due to monochomater defects were

removed on a point-by-point basis in Athena. A minimal number of data-points were
removed to avoid adversely affecting the data. The merged files were used in Artemis
to develop structural models based upon a least squares fitting of the data. Theoretical
phase and amplitude functions were generated using FEFF 6L (included in IFEFFIT) or
FEFF 8.2.85

2.1.2 Synthesis of Embedded Titanosilicate “BB-TiO4”
The synthesis of the embedded titanosilicate follows the normal addition
procedures outlined by Clark & Barnes.56 The tin cube (2.572 g, 1.38 mmol) was placed
in a Schlenk vessel of known weight. To that, 40 mL of dry toluene was vapor
transferred into the Schlenk vessel at 77 K. Titanium tetrachloride (0.256 g, 1.34 mmol)
was then vapor transferred into the reaction flask to give a tin cube-to-titanium
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tetrachloride molar ratio of 1:0.5.

The solution was allowed to come to room

temperature and was then heated at 80oC for 2 days. The volatiles were removed
under dynamic vacuum and the Schlenk vessel was weighed to determine an initial
weight loss due to the sublimation of any trimethyltin chloride (Me3SnCl) formed. The
Schlenk vessel was then heated to 80oC while checking the weight every 8 hrs until a
consistent weight was obtained.
The gravimetric analysis tracks the reaction of the metal chloride to the
trimethyltin groups on the tin cube. One chloride reacts with one trimethyltin group to
form trimethyltin chloride (Me3SnCl), a volatile byproduct, thus resulting in a Sicube-O-M
bond.

The weight loss from sublimation of trimethyltin chloride equates to the

connectivity of the metal center.

This weight loss (0.904 g, 1.06 g expected) was

equated to the identity of the titanium site, an embedded titanium site, resulting from a
reaction illustrated in Figure 14.
Toluene (40 mL) was then vapor transferred into the Schlenk vessel along with
dichlorodimethylsilane (0.211 g, 1.64 mmol, 1:1 molar ratio to tin cube) at 77 K. After
coming to room temperature, the suspension was heated to 80 oC for 2 days. The
volatiles were again removed under vacuum and the solid heated at 80 oC overnight to
remove trimethyltin chloride formed in the second cross-linking reaction. An excess of
chlorotrimethylsilane (0.535 g, 4.92 mmol, approx. 3.5:1 molar ratio to tin cube) was
then added and allowed to react in the gas phase at 80 oC to remove any residual
trimethyltin chlorides present on the silicate support. After removal of all the volatiles,
the final off-white powder was transferred into an inert atmosphere dry box for storage.
EXAFS analysis is consistent with the formation of a “TiO4” site structure (vide infra).
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2.1.3 Synthesis of the Average Chlorided Tripodal-Titanosilicate <BBClTiO3>
The procedure for the synthesis of the monochloride tripodal titanosilicate is
similar to that of the embedded titanosilicate with the exception of the tin cube-totitanium ratio and that TiCl4 was added in three separate, successive doses. A final
ratio of 1:1.25 tin cube-to-titanium was used to synthesize the monochloride tripodal
titanosilicate. To a solution of tin cube (1.977g; 1.07mmol) in toluene (~40 mL) was
added titanium tetrachloride in 3 doses (total amount: 0.250g; 1.31mmol). This was
followed by reacting the intermediate product with an excess of chlorotrimethylsilane in
methylene chloride at room temperature. Analysis via EXAFS was consistent with an
average site composition of <ClTiO3> (vide infra).

2.1.4 Synthesis of the tripodal alkoxy-titanosilicate “BB-(iPrO)TiO3”
Trichlorotitanium

isopropoxide,

Cl3Ti(OC3H7),

was

synthesized

generally

according to literature methods80 with minor changes. Titanium tetrachloride (0.727 g,
3.83 mmol) was vapor transferred into a Schlenk vessel with hexanes (~ 40 mL) at 78oC. Titanium tetraisopropoxide was then added (0.290 g, 1.02 mmol) to the solution.
The solution was allowed to warm to room temperature and stir for 2 hours.

The

volatiles were then removed under dynamic vacuum and the resulting solid transferred
to an inert atmosphere box for storage. Even though no reports of light sensitivity are
known to the author for the trichlorotitanium isopropoxide, it was treated as light
sensitive and exposure was limited.

It was noticed that the color of the complex

changed upon storage in the inert atmosphere glove box after approximately one to 2
weeks suggesting limited room temperature stability.
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The synthesis of the tripodal alkoxy-titanosilicate BB-(iPrO)TiO3 follows that of
the embedded titanosilicate.

Tin cube (2.520 g, 1.35 mmol) and trichlorotitanium

isopropoxide (0.129 g, 0.61 mmol) was added to a Schlenk vessel of known weight in
an inert atmosphere dry box. The weight of the flask and reactants was re-determined
and hexanes were added via vapor transfer. Hexane was used as the solvent since
chlorotitanium isopropoxide is soluble in warm hexanes. The solution was allowed to
come to room temperature then was heated to 60 oC for two days. The volatiles were
removed under vacuum and gravimetric analysis performed (0.175 g loss, 0.120 g loss
expected) suggesting a 3-connected titanium center.

The resulting solid was then

reacted with trichlorosilane (0.103 g, 0.760 mmol) in toluene at 80 oC for 2 days.
Removal of residual trimethyltin groups was attempted by reacting the solid with an
excess of chlorotrimethylsilane at 80oC in the gas phase in two doses (0.732 g, 6.74
mmol total) 24 hours apart. The attempts to remove the residual trimethyltin groups
were unsuccessful (see Raman spectroscopy discussion).

A third dose of

chlorotrimethylsilane (1.257 g, 11.57 mmol) was added to the Schlenk vessel and
allowed to react overnight at 80oC.

Trimethyltin groups remained after this dose

according to the Raman spectroscopy.

The resulting yellow-brown powder was

transferred to the inert atmosphere dry box for storage.

2.1.5 Synthesis of the Dipodal Titanosilicate <BB-Cl2TiO2>
Inverse addition techniques56 were used to synthesize the dipodal titanosilicate.
First

a

silicate

platform

was

synthesized

using

dichlorodimethylsilane.

Dimethyldichlorosilane (0.366g; 2.84mmol) was added to a toluene solution (~40 mL) of
tin

cube

(2.911g;

1.57mmol)

at

a
54

molar

ratio

of

1:1.8

(tin

cube-to-

dichlorodimethylsilane). The solution was heated to 80 oC and allowed to react for 2
days. Gravimetric analysis was then performed on the resulting solid giving rise to an
average connectivity for the added silicon to be 1.8. At this point between five and six
trimethyltin groups are left on each cube. Chlorotrimethylsilane (0.120g; 1.10mmol) was
then added to remove more trimethyltin-groups on the support resulting in a reduction in
the number of chlorotrimethyltin groups to three. Titanium tetrachloride (1.296 g, 6.83
mmol) was then added in excess to the powder in toluene and allowed to react at 80 oC
overnight.

Due to the excess amount of titanium tetrachloride used, gravimetric

analysis was not performed after the final step and a gravimetric derived connectivity
could not be determined. Analysis via EXAFS is consistent with an average composite
site structure of <TiO2Cl2> (vide infra).

2.1.6 Synthesis of the Surface Titanosilicate “BB-Cl3TiO”
The surface titanosilicate BB-Cl3TiO was synthesized in a three step manner.
The first step involved the reaction of tin cube (3.093g; 1.66mmol) with silicon
tetrachloride (0.193g; 1.14mmol) in toluene (~40 mL) at 80 oC for 2 days. The sample
formed a glassy gel upon removal of the toluene that had to be broken up before
gravimetric analysis could occur to facilitate complete sublimation of trimethyltin
chloride. Gravimetric analysis was performed after this step (0.453 g loss, 0.905 g loss
expected) consistant with an average of two chloride ligands having reacted.

The

resulting solid was then reacted with dichlorodimethylsilane (0.390 g, 3.02 mmol) in
toluene (~40 mL) at 80oC for 2 days. After removal of the volatiles, gravimetric analysis
indicated a connectivity of 1.45 had been achieved for the dimethylsilicon groups in the
sample (0.874 g loss, 1.204 g loss expected). Excess titanium tetrachloride (4.169 g,
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21.98 mmol) was then added along with toluene and the solution was allowed to react
at room temperature overnight. The resulting yellow-white solid was then transferred to
the dry box for storage. Once again, the titanium connectivity is unknown due to a lack
of gravimetric analysis resulting from the use of an excess amount of titanium
tetrachloride. Analysis via EXAFS spectroscopy was consistent with a “TiOCl3” site
structure (vide infra).

2.2 Spectroscopic Characterization of Titanosilicates
2.2.1 Raman Spectroscopy of Traditional Embedded Titanosilicates
Raman spectroscopy has been used to characterize heterogeneous catalysts for
over thirty years.16,

39, 48, 53, 86-92

Raman spectroscopy with lasers in the visible region

can suffer from fluorescence effects that hide features of interest. 92 The fluorescence
phenomenon is hard to overcome without changing laser wavelengths. One option is to
go to a lower energy (larger wavelength) where absorption bands that produce
fluorescence are not excited, but in doing so, the

4

dependence of Raman intensities

on excitation energy gives rise to a significant loss of band intensity. A second option is
to use high energy lasers (lower wavelength), i.e. lasers with excitations in the UVregion. With the recent realization that ligand-to-metal (LM) charge transfer vibrations
can be resonance enhanced by excitation with UV lasers, UV-Raman has become
important in characterizing titanosilicates.39,

48, 53, 92-97

In TS-1, the L  M charge

transfer enhancement is observed when 244 nm excitation energy is used.
Enhancement of the 1125 cm-1 band with UV excitation sources has been reported.12, 39,
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This feature is proposed to be due to charge transfer from oxygen to the titanium (O

 Ti) in a crystalline tetrahedral environment (Figure 21)

2.2.2 Raman Spectroscopy of the Embedded BB-Titanosilicate “TiO4”
The embedded BB-TiO4 catalyst suffered from fluorescence at all wavelengths
studied other than 244 nm (Figure 22). The 244 nm Raman spectrum for the embedded
titanosilicate exhibits two major features, the first at 1088 cm -1 and the second at 623
cm-1.

The absence of a feature at 523 cm -1 attributed to a Sn-C bond stretching

vibration suggests no residual trimethyltin-groups are present in the catalyst. The 623
cm-1 feature is attributed to Si-C bond stretching which originates from the trimethylsilyl
(TMS) groups on the surface of the sample. The 1088 cm -1 feature is assigned to the
ligand-to-metal charge transfer from oxygen to titanium. This assignment is based on
comparison to the spectra of two titanium-free blanks (Figure 23): one with residual tin
on the silicate platform and a silicate platform with no residual tin. In both of the blank
silicate platforms, i.e. no titanium was present, no feature is observed in the 1088 cm -1
region of the Raman Spectrum. Even though this assignment is at a lower wavenumber
than that observed in TS-1, this assignment is supported by Li, et. al. who suggest that
the position of the feature is influenced by subtle structural changes in the TiO 4 site in
different titanosilicates.92 The crystalline TS-1 has the highest band assignment at 1125
cm-1 as every titanium has a similar environment. Ti-MCM-41 exhibits the feature at a
lower wavenumber due to inhomogeneity of the titanium sites, i.e. Ti-MCM-41 is not
crystalline like TS-1 therefore differences in the environments of the titanium present
may exist. With no structural order beyond the first shell in the building block-based
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Figure 21: UV-Raman of TS-1
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Figure 22: : UV-Raman of TiO4 (Courtesy of Dr. Zili Wu, CNMS)
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Figure 23: UV-Raman of BB-Silicate Blanks and BB-TiO4
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titanosilicates, the enhanced feature in the BB-TiO4 sample is expected to be observed
at a lower wavenumber than TS-1.
It is important to also note that the 960 cm-1 feature attributed to SiO4 tetrahedra
perturbed by neighboring titanium atoms is not observed. This could be due to the
structural disorder beyond the first coordination shell of titanium. The nearest SiO 4
tetrahedra would be the cube corners.

With the variability of angles possible, the

disorder may decrease the intensity of this feature to a point where it cannot be
observed.

2.2.3 Raman Spectroscopy of the alkoxy-titanosilicate “(iPrO)TiO3”
The alkoxy-titanosilicate is a mimic of the active site of Ti-MCM-41 as proposed
by Thomas, et al.36 The 244 nm wavelength is the only wavelength used that did not
result in fluorescence (Figure 24).

The spectrum for the alkoxy-titanosilicate is

dominated by Sn-C, Si-C, and –CH3 stretches.

No ligand-to-metal charge transfer

enhancement of a band near 1088-1125 cm-1 was observed.

The 960 cm-1 band

associated with perturbation of SiO4 tetrahedra by neighboring titanium is not observed
either.
Raman spectroscopy is a valuable tool in defining characteristic bands
associated with various samples.

Utilizing Raman spectroscopy to characterize

catalysts provides quick data collection with minimal sample requirements.

The

resonance enhancement provided by using UV-laser excitation sources further enables
a researcher to identify characteristic bands.

Identification of residual trimethyltin

groups on the BB-catalysts via the Sn-C stretching bands at 523 cm-1 and Si-C
stretching bands at 623 cm-1 from TMS groups provides a quick probe of the success of
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Figure 24: UV-Raman of the ( PrO)Ti(OSi)3 BB-Titanosilicate
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the final reaction in which excess TMSCl is utilized to remove the final Me 3Sn-groups in
the matrix.

The ability to remove trimethyltin chloride is of critical importance to

obtaining true single-site catalysts as tin is catalytically active in many contexts.98,

99

Furthermore, the presence of a feature observed with a 244 nm laser assigned to TiO4
tetrahedra in the BB-titanosilicate is consistant with the preparation of embedded
titanium sites as desired. The lack of an enhanced band in the alkoxy-titanosilicate
suggests that the two potential “TiO4” centers are indeed different.

2.3 X-ray Absorption Studies of Building Block-based Titanosilicates
Over the past twenty years, X-ray absorption spectroscopy (XAS) has become
an invaluable tool to the catalysis scientist with the ever-increasing number of catalysts
that are synthesized where diffraction methods are not applicable.36, 100, 101 With respect
to titanosilicates, XAS, specifically X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS), have been used extensively to
characterize the active sites in these catalysts. Farges, et al. characterized the XANES
of several titanosilicates and found a trend in the pre-edge location and intensity with
respect to the absorption edge (FIGURE 11).1 As seen in Figure 11, the pre-edge
feature for four-coordinate titanium sites is located at approximately 4969.5 eV with a
relative intensity 60-90% of the normalized absorption edge. Pre-edge features for fivecoordinate titanium sites have an intensity that is 40-60% of the normalized absorption
edge and are located at approximately 4970.5 eV. Six-coordinate titanium sites exhibit
pre-edge features with relatively low intensities compared to the absorption edge, when
observed, and are located at the skirt of the absorption edge. The characteristic details
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described by Farges, et al. are generally accepted as broadly applicable assignments
for the XANES of titanosilicates.

2.3.1 XANES of Building Block Titanosilicates
The family of building block (bb) titanosilicates prepared in this work has been
studied by X-ray absorption spectroscopy (XANES and EXAFS). Two basic types of
BB-titanosilicates were analyzed:
composite site structures.

single-site and catalysts described as averaged

The “BB-TiO4” and “BB-Cl3TiO” titanosilicates represent

rigorously single-site catalysts.

The titanosilicates <BB-ClTiO3> and <BB-Cl2TiO2>

represent composite structures derived from an averaged distribution of sites (TiO4,
ClTiO3, Cl2TiO2, and Cl3TiO) present.
The observed XANES for the building block titanosilicates are compared to the
tetrakis(triphenylsiloxy)titanium model compound, Ti[OSi(C6H5)]4, that is 4-coordinate
with a tetrahedral environment around the titanium. Figure 25 presents the XANES
region for the BB-titanosilicates prepared in this research as well as Ti[OSi(C6H5)3]4.
Two features are of immediate interest: the pre-edge feature and the feature located on
the edge that increases in intensity as the number of chlorides increases on the
titanium. The pre-edge feature arises from the 1s  3d transition of a core electron on
the titanium.47

The intensity of this feature depends strongly on the presence or

absence of inversion symmetry at the titanium center. As the symmetry of the titanium
center increases from tetrahedral to octahedral, the pre-edge feature intensity
decreases. The pre-edge features occur at the same energy with the tetrahedral model
compound suggesting all four titanosilicates exist in tetrahedral coordination.

The

intensity of the pre-edge feature with respect to the absorption edge of the four
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Figure 25: XANES of BB-Titanosilicates
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titanosilicate samples is in agreement with the data on tetrahedral compounds compiled
by Farges, et al.1 The intensity of the pre-edge feature for the BB-TiO4 titanosilicate is
less than that of the model titanosilicate, Ti[OSi(C6H5)3]4. The decrease in intensity of
the BB-TiO4 sample pre-edge feature compared to that of the model does not mean the
titanium of the BB-TiO4 titanosilicate does not have tetrahedral environment.
Waychunas describes the titanium environment in minerals and studied the pre-edge
intensity as compared to bond angle variance.102

He observed that the pre-edge

features are influenced by local disorder, with the intensity decreasing with higher local
disorder.102 The crystalline Ti[OSi(C6H5)]4 should have less local disorder around the
central titanium atom than that of the BB-titanosilicate where the Ti-O-Si bond angles
could be different due to the amorphous nature of the cross-linked BB-silicate matrix.
This local disorder involving the Ti-O-Si bond angles in the BB-titanosilicate would
decrease the pre-edge intensity as is observed in Figure 25.
The second aspect of the spectrum is a feature superimposed on the absorption
edge that increases in intensity as the number of chloride ligands around the titanium
atom increases. A similar trend is observed in the XANES studies of chlorotitanium
alkoxides103 and cyclopentadienyltitanium chlorides104 as well as the electronic spectra
of chlorotitanium alkoxides.105

The feature is also observed in vanadyl dichloride-

functionalized silica and described as a possible chloride 1s to vanadium 4p shakedown
absorption.106

On the basis of this literature precedent, this feature in the XANES

spectra of the chlorotitanium sites in this family of materials is assigned to a 1s  4p
shakedown transition.

The XANES of the BB-titanosilicates suggest the titanium active sites have
tetrahedral coordination. The intensity of the pre-edge feature for the embedded TiO4
BB-titanosilicate is approximately 2/3 that of the crystalline model compound. This is
due to the local structural disorder around the titanium. A feature is superimposed on
the absorption edge that increases in intensity as chloride content increases is due to a
shakedown absorption from the chloride ligand to the titanium. Further analysis of the
BB-chlorotitanosilicates is warranted via chloride k-edge XANES/EXAFS to further
understand the contribution from the chloride to the titanium.

2.4 EXAFS of the Building Block-Based Titanosilicates
2.4.1 EXAFS of Tetrakis(triphenylsiloxy)titanium(IV)
Tetrakis(triphenylsiloxy)titanium is an excellent model for the embedded
titanosilicate sites in zeolites. It has been used previously by Thomas, et al. to describe
the titanosilicates Ti-MCM-41 and TS-1.36,
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The structure based on X-ray diffraction

measurements and EXAFS data provided a convenient starting point for data analysis
in the studies described here. Figure 26 illustrates the EXAFS extraction process and
shows 1) the merged

(E) absorption spectrum from two scans used prior to

normalization, 2) the resulting k3-weighted (k) spectrum after background subtraction,
and 3) the Fourier transformed | (R)| spectrum. In the high energy region of the (E)
spectrum, the data are observed to level off. This is due to saturation of the Keithley
amplifiers. Since the data was not used beyond 14 k, this anomaly did not affect the
data analysis.

67

Figure 26: EXAFS Extraction Proce
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In the (k) spectrum of Figure 27, the green-dashed box represents the region of
data Fourier transformed to provide the | (R)| spectrum. The | (R)| spectrum displays a
single intense feature at approximately 1.8Å. This feature is attributed to a shell of
oxygen backscatterers. This shell corresponds to the tetrahedral of four directly bonded
oxygen atoms around titanium. NOTE:
corrected.

the figures presented herein are not phase

Therefore spectra display features at distances shorter than their true

distances. In the structural models developed from modeling EXAFS data, the obtained
distances are all correctly phase corrected. For example, the feature that appears at
~1.35Å is in reality ~1.8Å away from the central absorbing titanium. A feature is also
observed at 3.5Å.

It may be modeled as a shell of silicon atoms in a second

backscattering shell around titanium, i.e. Ti-O-Si, denoted hereafter as Ti…Si.
The Ti-O coordination number refined to 3.9 with a Debye-Waller factor, a
measure of disorder, of 0.001. The amplitude reduction factor refined to 0.96. This
value is important as it is directly correlated to the coordination number obtained from
modeling EXAFS data. To determine the coordination number, the amplitude reduction
factor must be known. With the model compound, the coordination number was known
thus allowing the determination of the amplitude reduction factor. This factor accounts
for energy losses due to inelastic scattering by the surrounding atoms. 51 Due to this,
the amplitude reduction factor should be no greater than one, representing no energy
loss during scattering, but generally should not be lower than 0.8. 51 Amplitude reduction
factors are transferable between similar systems in EXAFS analysis.
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Figure 27: EXAFS of Ti[OSi(C6H5)3]4
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The second coordination shell is typically harder to model than the first shell.
Assumptions were used to facilitate shell modeling:

1) decrease the number of

modeling parameters so that parameters and correlations were kept as low as possible
(i.e. to avoid over-parameterizing the models) and 2) simplify the nature of data analysis
by utilizing knowledge of the titanium centers available from other characterization
methods such as gravimetric analysis.

The main assumption used in developing

structural models is that if oxygen is present in the first backscattering shell, then silicon
is present in the second backscattering shell. Due to the synthetic protocol, all titanium
sites are surrounded by either a chloride or an –O-Si≡ feature representing the binding
to a corner of the cube. The silicon coordination number was therefore set to equal that
of the Ti-O coordination number throughout the data analysis. From EXAFS modeling,
the Ti…Si distance was determined to be 3.5Å with a Debye-Waller factor of 0.005. The
overlay of the | (R)| spectrum and theoretical simulations at ~3.5Å suggests the Ti…Si
feature is not modeled as well as the Ti-O feature. However upon examination of the
real portion of the | (R)| spectrum, (Re[ (R)]), the fit to the experimental data appears to
be reasonably good. The discrepancy in the amplitude spectrum may arise from the
failure to model weaker multiple scattering path components appropriately. This does
not have a significant effect on the overall fit. It does, however, increase the residuals
linked to standard statistical figures of merit, i.e. the
R-factor for this analysis was 2.3 % with a

2

2

, reduced- 2, and R-factor. The

of 7038 and a reduced-

2

of 237. Values

for the error analysis factors do not have hard limits on what is acceptable and what is
not.51 It is generally agreed that the R-factor should be lower than 5%. At the same
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time, the generally accepted protocol is to minimize all three figures of merit
simultaneously.

2.4.2 EXAFS of the Embedded Titanosilicate “BB-TiO4”
The fully embedded BB-titanosilicate “TiO4” is a catalyst with an immediate local
environment similar to that of the model compound discussed in section 2.4.1. No
chloride should be present in the first coordination shell of titanium resulting in one
expected intense feature at 1.8Å and possibly a feature at 3.5Å corresponding to silicon
in the second coordination shell of titanium. Figure 28 shows the k3-weighted

(k),

| (R)|, and the Re[ (R)] spectra for the embedded titanosilicate. In the (k) spectrum,
the green dashed box signifies the portion of the data used in the Fourier transform.
The | (R)| spectrum indeed shows one intense feature around 1.8Å corresponding to
oxygen in the first coordination shell and a second feature around 3.5Å corresponding
to silicon in the second coordination shell. No evidence for the presence of chloride
ligands in the first backscattering shell of titanium was observed.

The amplitude

reduction factor of 0.96, from the titanium model compound, was used to determine the
coordination number. The Ti-O coordination number refined to 3.6 with a Debye-Waller
The Ti…Si coordination number was set as equal to the Ti-O

factor of 0.004.

coordination number resulting in a Debye-Waller factor of 0.006.

A single

Eo

parameter was used in the data refinement resulting in an E o of -6.81 eV. The R-factor
was 7.7% with a
2

and reduced-

2

2

of 170 and a reduced-

2

of 7.5. The R-factor is slightly high, but the

(red.- 2) are quite low. It is believed that the high R-factor is due to

the poor fit of multiple scattering paths between the Ti-O and Ti...Si features as well as
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Figure 28: EXAFS of BB-TiO4 (Embedded) Titanosilicate
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the leading edge of the Ti-O feature. All attempts to model the leading edge of the Ti-O
feature more accurately failed. This was the best fit obtained.

2.4.3 Surface Titanosilicate “BB-Cl3TiO”
The material containing –TiCl3 groups extending out from the silicate BB-lattice
as opposed to embedded into it represents the opposite end of the spectrum than the
embedded titanosilicate BB-TiO4.

In the synthesis of the BB-TiO4, the goal was

removing all the chlorides. Therefore, the gravimetric and EXAFS analysis uniquely
define the Ti sites as “TiO4” and not an averaged distribution of embedded, tripodal,
dipodal, or surface sites.

The surface titanosilicate BB-Cl3TiO represents a similar

situation where no combination of the four types of sites possible will yield the data that
is consistent with only one chloride reacting. Gravimetric data were not available for
this sample due to the inverse addition procedure that was used. Beam damage seen
as a bright yellow rectangle the size of the X-ray beam was observed on the sample
after the three successive scans. Upon checking the data, no major differences were
observed in the

(k) spectra and only minor differences were observed in the | (R)|

spectra (Figure 29) thus the three scans were merged for modeling (Figure 30). The
data presented a challenge in selecting an acceptable k-range to extract the EXAFS.
The 3-12 k range was selected to minimize the background noise in the data.
The amplitude reduction factor used in the data modeling was set to 0.96, from
the titanium model in 2.4.1.

Addition of a second scattering atom in the first

coordination shell introduces some challenges in keeping the number of parameters
low. However, a second simplifying assumption relates the Ti-O and Ti-Cl coordination
numbers. Utilizing the XANES information and assuming a site structure of four (i.e.
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Figure 29: Illustration of the Beam Damage on the Surface Titanosilicate
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Figure 30: EXAFS of the Surface Titanosilicate
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tetrahedral structure), the coordination number of one of the first shell scattering atoms
is dependent on the second, first shell backscattering atom (in this case the oxygen
ligand is dependent on the number of chloride ligands) through a simple relationship,
such as “4-CN(TiCl)” where CN(TiCl) represents the Ti-Cl coordination number refined
during the modeling process.

The Ti-O bond distance obtained from fitting the

experimental data is consistent with other tetrahedral 4-coordinate titanium compounds
at 1.78Å while the Ti-Cl distance is 2.20Å. The Ti-O coordination number was 1.6 with
a Debye-Waller factor of 0.001. The Ti-Cl coordination number refined as 2.4 with a
Debye-Waller factor of 0.002.
The Ti…Si feature was harder to model. The coordination number was defined
as equal to that of the Ti-O value, however the Debye-Waller factor is unrealistically low
at 0.00008. The matching of the real components of the experimental data and that
predicted by the theoretical fit is good. The R-factor of 2.1%,

2

of 881 and reduced-

2

of 44 indicate the model is a good fit to the data. Both the long Ti…Si separation and the
low number of silicon in this second backscatterer shell conspire to make modeling of it
difficult possibly giving rise to the low Debye-Waller factor.

2.4.4 Averaged Tripodal Titanosilicate <BB-ClTiO3>
The embedded and the surface titanosilicates represent the two endpoints of the
spectrum in possible tetrahedral titanium sites. The two types of sites between the
embedded (4 Ti-O bonds) and surface titanium (1 Ti-O bond) must be described as
composite structures that represent an average over all the sites present in the sample.
EXAFS is an averaging technique taking a “snapshot” of all the sites present in the
sample at the time of analysis. The data represent the convolution of the structural and
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compositional characteristics of all sites present in that “snapshot.” The tripodal and
dipodal titanosilicates must therefore be referred to as average site structures due to the
lack of more definitive site characterization techniques, i.e. NMR (while solid-state
titanium NMR is possible, it is extremely challenging due to the low abundance of NMR
active titanium nucei, 47,49Ti, and large quadrupolar coupling constant).
The averaged BB-ClTiO3 tripodal titanosilicate data is presented in Figure 31.
The (k) spectrum suggests the data are not “ideal” as they are quite noisy beginning at
low-k (~8 k) however EXAFS were extracted and modeled. The bond lengths for Ti-O
(1.8Å) and Ti-Cl (2.2Å) are consistent with those observed in the cases of the
embedded BB-TiO4 and BB-surface titanosilicate samples. The Ti…Si separation is
shorter than in the other catalysts, however, at 3.26Å. The Ti-O coordination number
refined to a value of 3.0 with a Debye-Waller factor of 0.002. The Ti-Cl coordination
number was kept independent of CN(O) and refined to a value of 0.4 with a DebyeWaller factor of 0.004. The Ti…Si coordination number was again defined to be same
as the Ti-O coordination number and the Debye-Waller factor is large at 0.008. The Rfactor was 3.0% with a

2

of 149 and a reduced-

2

of 8. The | (R)| and Re[ (R)] spectra

illustrate visually how well the model fits the data, as the error analysis suggests.

2.4.5 Average Dipodal Titanosilicate <BB-Cl2TiO2>
Figure 32 contains the k3-weighted data for the average dipodal titanosilicate
Cl2TiO2. This sample was synthesized in a manner similar to the procedure followed in
the case of the surface –TiCl3 site. The data obtained for this sample were of high
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Figure 31: EXAFS of the BB-Titanosilicate with Composite Structure ClTiO3
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Figure 32: EXAFS of the BB-Titanosilicate with Composite Structure Cl2TiO2
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quality allowing the use of data up to 15.5 k. The amplitude reduction factor was set at
0.96, from the titanium model refinement. The refined bond lengths for Ti-O (1.78Å), TiCl (2.19Å), & Ti…Si (3.44Å) are comparable to the TiO4 and surface titanosilicates. The
Ti-O coordination number was refined as “4-CN(TiCl)” resulting in a value of 2.0 with a
Debye-Waller factor of 0.003. The Ti-Cl coordination number was refined to 2.0 with a
Debye-Waller factor of 0.001. The Ti…Si data was the best defined of the four samples
with a coordination number set to equal that of the Ti-O feature (i.e. 2.0) with a DebyeWaller factor of 0.002. The R-factor was 4.2% with a
164. The

2

and reduced-

2

2

of 4625 and a reduced-

2

of

values are higher than expected, especially with the data

that suggest a good fit. Upon examination of the Re[ (R)] and the | (R)|, the higher
errors may be due to the poor fit of the oxygen feature. The model appears to fit the TiO feature fairly well in the | (R)| spectrum, but in the Re[ (R)] spectrum, the leading
edge of the Ti-O feature is not modeled very well. Attempts to find a better model for
this part of the feature failed, with the model shown in Figure 32 being the best fit
obtained.

2.5 Comparison of Titanosilicate EXAFS
Table 1 summarizes the data obtained from the EXAFS analysis of the building
block-based titanosilicates. As mentioned earlier, the Ti-O and Ti-Cl bond lengths are
comparable in the four samples and are well within the range normally observed for first
coordination sphere bond distances.107 The Ti…Si separation is shorter in the averaged
ClTiO3 sample when compared to the other three samples (Figure 33). The Debye-
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Table 1: Summary of EXAFS Parameters
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Figure 33: Comparison of Bond Lengths
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Waller factors (Figure 34) are relatively constant for Ti-O and Ti-Cl, with the
exception of that obtained for the averaged ClTiO 3 sample which has a low Ti-Cl
coordination number (0.4). The low coordination number could be related to the
high Debye-Waller factor (Figure 34). The Ti…Si Debye-Waller factors range from
near zero for the surface Cl3TiO

titanosilicate to nearly 0.007 with the embedded

TiO4 titanosilicate. EXAFS features from more remote, second shell backscattering
shells are often less intense and considerably harder to model with lighter
backscattering elements such as silicon due to the rapid attenuation of the EXAFS
intensity with distance from the absorbing atom. Furthermore, features at distances
beyond normal bond lengths can overlap with multiple scattering EXAFS
components which are more difficult to model.

2.3 Conclusions
A series of atomically dispersed titanosilicate catalysts have been
synthesized via the building block method utilizing the [(CH3)3SnO]8Si8O12 building
block.

The

catalysts

were

characterized

via

gravimetric

analysis

and

XANES/EXAFS. The XANES spectra suggest the titanium sites in the BB-silicate
matrices are 4-coordinate with tetrahedral coordination. The pre-edge features for
the titanium sites overlay with analogous features observed for a titanium model
compound, tetrakis(triphenylsiloxy)-titanium. EXAFS data support descriptions of
the embedded titanosilicate sites as TiO4 ensembles and the surface titanosilicate
sites as Cl3TiO ensembles. Spectroscopic characterization of the two intermediate
catalytic ensembles, ClTiO3 & Cl2TiO2, is consistent with tetrahedral sites; but, with
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Figure 34: Comparison of Debye-Waller Factors
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respect to four directly bound atoms to the titanium centers, they must be described as
mixtures of titanium sites containing different numbers of oxide and chloride ligands. It
is important to note that the intermediate catalyst ensembles are composite structures.
The EXAFS could be misconstrued as consistent or “proving” that this sample has only
either one of the possible sites, i.e. that they are single-site. These data and analyses
clearly illustrate an imperfect caveat in EXAFS analyses in catalysis.
Raman spectroscopy revealed a feature at 1088cm -1 corresponding to ligand-tometal charge transfer enhancement from the oxygen to the titanium at 244nm (UV
region).

The Raman of the isopropoxytitanosilicate, (iPrO)TiO3, revealed no

enhancement in the UV region.

Further analysis of the isopropoxytitanosilicate

including EXAFS analysis is on-going in the Barnes group.
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3. Catalysis Micro-Reactor
Catalytic activity is the ultimate goal for the catalysis scientist. A new, potential
catalyst must exhibit activity or be discarded and the search continued. With this in
mind, as part of this research program, a gas-phase catalysis micro-reactor was built for
use by the Barnes group to test the catalytic activity of the building block-based
catalysts prepared.

The reactor was modeled after those of Dr. James Goodwin

(Department of Chemical Engineering; Clemson University), Dr. Steve Overbury
(ORNL), and Dr. Gabriel Vieth (ORNL). The reactor is designed for use in applications
ranging from gas phase catalysis (partial oxidation, transesterification, epoxidation),
temperature programmed techniques – (desorption, TPD; oxidation, TPO; reduction,
TPR), and H/D exchange of Brønsted sites on catalysts. Figure 35 is a schematic
representation of the micro-reactor that was built and can be used as a guide to the
sections that follow.
The reactor is designed to operate in differential mode.

This specification

requires small bore reaction tubes (5-15 mm ID) to hold the catalyst thus using small
quantities of catalyst.

A compact, small catalyst plug has the advantage of more

uniform temperature distribution through it during heating and during the reaction. The
small amount of catalyst also reduces the possibility of reactant diffusion effects such as
channeling, a situation where channels develop in the catalyst plug allowing the
reactant stream to pass through the plug without interacting with all parts of the catalyst
equally.

88

89

Figure 35: Schematic Representation of the Catalysis Micro-reactor
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3.1 Component Description and Protocols
Helium (ultra-high purity; Airgas) is used as the inert carrier source-gas, which is
further purified by three to four gas purification traps to reduce moisture, hydrocarbon,
and oxygen contamination. The gas purification process first dries the gas with an
indicating molecular sieve moisture trap (Fisher Scientific Part # AT14627).

It is

important to note that while all of the purification traps remove trace amounts of
moisture, the purpose of this trap is to remove the bulk of the moisture from the
incoming helium. Next, an activated charcoal hydrocarbon trap (Fisher Scientific Part #
AT14633) removes carbon-based contaminants larger than methane (CH4). Then two
oxygen traps remove oxygen from the gas stream. The first trap is a high-capacity
oxygen trap (Fisher Scientific Part # AT8864) that is followed by an indicating oxygen
trap (Fisher Scientific Part # AT4004).

The helium is supplied to the mass flow

controllers via 1/4- inch copper tubing.

3.1.1 Mass flow controllers
A bank of digital Mass-Trak mass flow controllers (MFCs) from Sierra
Instruments regulates gas delivery. The wetted components of the MFCs are made of
stainless steel with Kalrez o-rings for chemical inertness. The mass flow controllers are
pre-programmed to regulate ten common gases and configured by gas and flow rate as
follows: one 0-10 cc/min C3H6, one 0-50 cc/min He, two 0-100 cc/min He, and one 0100 cc/min N2. The line containing the 0-50 cc/min He MFC is dedicated to the gas
saturator line. The 0-10 cc/min C3H6 MFC is currently set up to regulate helium and
oxygen instead of C3H6. This MFC can be coupled with a gas saturator or configured
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for gas flow straight into the reactor. The 0-100 cc/min He MFCs regulate the make-up
gas to the micro-reactor. The 0-100 cc/min N2 MFC is dedicated to reactive/corrosive
gases such as carbon monoxide (CO), anhydrous ammonia (NH3), etc. and has a
separate helium input to flush the MFC and reactor lines after use.
The MFCs are controlled via computer through RS-232 communication lines.
Due to the number of RS-232 ports required by various components of the microreactor, two-4-port RS-232-to-USB converter boxes are utilized for the MFCs. The
mass flow controllers are operated by software (MassTrak) supplied by Sierra
Instruments or through the display on the controller. Figure 36 is a picture of the bank
of mass flow controllers illustrated schematically in Figure 35.

3.1.2 Multi-Port Switching Valves
The micro-reactor is equipped with two manual stainless steel switching valves:
a 6-port, 2-position valve (Valco Model # 46UWE) and 4-port, 2-position valve (Valco
Model # 44UWE). The 6-port, 2-position switching valve controls gas flow through the
micro-reactor from bypass mode (for substrate characterization before passing through
the reaction tube) to reactor mode (for substrate/product characterization after passing
through the reaction tube). This valve also provides make-up gas (dry helium) to the
reaction tube while the reactor is in bypass mode. The two modes of operation are
illustrated in Figure 37. The solid black arrows illustrate gas flow in bypass mode and
dashed blue arrows illustrate reactor mode gas flow.
The 4-port, 2-position switching valve controls the substrate/product stream flow
to the appropriate instrument for characterization. Figure 38 illustrates how the gas

Mass Flow
Controllers
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Figure 36: The bank of Mass Flow Controllers in the Catalysis Micro-Reactor
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Figure 37: Schematic representation illustrating gas flow through the 6-port, 2-position switching
valve; black arrows indicate bypass flow while blue dashed arrows indicate flow through the
reactor
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Figure 38: Schematic representation illustrating the 4-port, 2-position switching valve;
black arrows indicate substrate flow to the GC while blue dashed arrows indicate
substrate

flow

to
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the

RGA

flow switches from the gas chromatograph (GC) to the residual gas analyzer (RGA)
while supplying make-up gas (dry helium) to the instrument not in use. Gas flows from
position #2 of the 6-port valve (Figure 37) to position # 1 of the 4-port valve (Figure 38).
The substrate or product stream then flows to the GC or the RGA depending on the
position of the valve. The solid black arrows indicate the position for flow to the GC
while the dashed blue arrows indicate flow to the RGA. The make-up gas flow can be
stopped at any point via an on/off ball valve should make-up gas not be needed.

3.1.3 Temperature Controlled Micro-reactor
The reaction tube is heated by a Barnstead-Thermolyne split-tube furnace (Fisher
Scientific Model # 11-747-116) capable of proportional-integral-derivative (PID)
temperature control via the digital temperature controller. The furnace is capable of
controlling temperature between 100-1200oC.

The temperature controller has four

temperature profiles consisting of up to 8 ramp/dwell events per profile. The furnace is
oriented vertically to accommodate the reaction tubes. The bottom of the furnace is
closed with ceramic fireproof wool and the top is closed during heating with a heat
resistant carbon fiber mat (Small Parts, Inc. B-FFHS-0609) that is cut appropriately to
accept the reaction tube.

3.1.4 Residual Gas Analyzer (RGA)
The micro-reactor is equipped with a two-component analysis system.

The first is a

residual gas analyzer (RGA). The RGA (Extorr Inc. Model # XT300), a small quadrupole mass
spectrometer, has a 0-300 amu mass range with mass sweep and trend mode capabilities. The
RGA is controlled via RS-232 communication with the
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provided VacuumPlus software. Figure

39 is a schematic representation of the RGA system including vacuum components and
valving scheme.
The ultra-high vacuum needed for operation is achieved through a cryo-trapped
diffusion pump that is backed by a direct drive rotary pump. The oil in the diffusion
pump is siloxane-based (Dow Corning 702; tetraphenyldimethyldisiloxane).

A

Powerstat variable power transformer set at 80% controls the heater of the diffusion
pump.

The liquid nitrogen dewar should be refilled every four hours to prevent

contamination of the RGA chamber by oil vapors and other contaminants.
The RGA software monitors the pressure through a Pirani gauge and the total
pressure by an ion gauge while the backing pressure is monitored by a Hastings
thermocouple gauge (Teledyne Hastings DV-6M gauge tube with Hasting VT-6-0-0
analog display). The software is equipped with a fail-safe switch such that the ionizer
and filament will not operate until a good stable vacuum is achieved.

If the total

pressure of the system increases to a point that is harmful for the RGA (pressures >
10-3 Torr), the fail-safe will turn off the filament and ionizer.
The micro-reactor operates at atmospheric pressures so pressure reduction
between the reactor lines and the RGA chamber must occur. Pressure reduction from
atmospheric pressure to 10-6 Torr is achieved by using approximately 1 meter of fused
silica capillary with a 70- m inner diameter. The length is estimated from Poiseulle’s
Law that states that the length of tubing necessary for pressure reduction is inversely
proportional to the fourth power of the radius of the tubing.108 This means that if 1 meter
of 70 m ID capillary yields 10-6 Torr total pressure, changing to 20 m ID capillary will
result in 4 mm of capillary needed to achieve the same pressure reduction. The fused
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Figure 39: RGA with vacuum assembly
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silica capillary is mounted in the reactor and the RGA vacuum assembly via a 1/16-inch
tube fitting with a graphitized polyimide ferrule.

The fused silica capillary can be

temporarily sealed simply by forcing the end into a soft silicone rubber septum on the
reactor side of the capillary to isolate the RGA chamber during pump-down.

This

results in a total pressure of between 9x10-8 - 2x10-7 Torr. With the capillary in the
reactor, the total pressure approaches 4x10-6 torr, the upper limit of operation for the
RGA. A second sampling port on the RGA vacuum assembly is used to sample the
vent line of the HID detector in the GC. This sampling will occur via procedures similar
to what is described above.

3.1.5 Gas Chromatograph (GC)
The gas chromatograph (GC; Fox Scientific Model # 8610-0271 + 8690-0030) is
equipped with a heated gas sampling valve that has two 1 mL sample loops. The GC is
configured with three columns (molecular sieve, Hayesep-D, and a 30 meter MTX-1
capillary column) and 3 detectors - thermal conductivity (TCD), helium ionization (HID),
and flame ionization (FID) - with methanizer). A built-in air compressor supplies air
needed for the FID and the hydrogen is supplied by an external hydrogen generator.
Peaksimple software (from SRI Instruments) controls the operation of the GC via an
RS-232 communication.
The sampling valve (Figure 40) is a 10-port valve with electronic gas (He)
regulation to flush the sample loops thus loading the columns. The sampling valve
injects the sample from sample loop # 1 into the molecular sieve and 30 meter capillary
column. The sample in loop # 2 is injected into the Hayesep-D column to separate C1C5 hydrocarbons. The molecular sieve column separates gases such as O2, H2, CH4,
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Figure 40: Picture of the GC sampling valve schematic located on the GC sampling valve cover

100

N2, CO, CO2 etc. The line to the molecular sieve column contains a tee which divides
the sample between the molecular sieve and capillary columns for analysis.
After eluting from the columns, the samples then proceed to the detectors. The
molecular sieve and Hayesep-D columns are analyzed by a TCD and an HID arranged
in series. The sample first enters the non-destructive TCD. The vent of the TCD leads
to the HID, also a non-destructive detector. The sample stream flows into a helium
counter stream that contains plasma-excited helium atoms. The excited helium atoms
emit a 17.7 eV photon that excites the analyte in the sample stream.
The sample from the capillary column flows to the FID. The flame ionization
detector is a destructive detector that burns the analyte in a hydrogen-air flame. A
methanizer attachment before the FID assembly selectively hydrogenates carbon
monoxide (CO) and carbon dioxide (CO2) to methane (CH4) while maintaining the
original retention times of CO and CO2. The methanizer contains a nickel-aluminum
alloy catalyst similar to Raney nickel.

[Caution:

with the methanizer in place,

amines should not be injected into the GC as they will poison the catalyst.]

3.1.6 Pressure Transducers
Two pressure transducers monitor the pressure in the micro-reactor lines. The
pressure transducers (Trans-Metrics Model # P115LJC 0-300 PSIG) are integrated with
Omega DP-24E displays (Omega Engineering Model # DP-24E). The transducers are
gauge type meaning the pressure is referenced to local ambient pressure.

The

transducer display may be re-expressed in units of pounds-per-square inch (psig) by
multiplying the display reading by 0.6 (see Figure 41). Transducers are located on the
incoming substrate line before the 6-port switching valve and on the vent line leading to
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Trans-Metrics Model # P115LJC 0-300 PSIG Pressure Transducer
6

300 PSIG / 500 (display) = 0.6 PSIG / display unit
5

PSIG

4

3

2

1

0
0

1

2

3

4

5

6

7

8

9

Display

Figure 41: Trans-Metrics Model #P116LJCO-300 Pressure Transducer Display vs. PSIG
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10

the RGA (see Figure 35). The transducer on the incoming substrate line is used to
indicate the presence of blockages in the reactor tube by monitoring the pressure level
in the system. If the pressure increases upon switching from bypass to reactor mode, a
blockage is present.

3.1.7 Temperature Displays and Reactor Line Heating
The micro-reactor has two read-only temperature displays.

The 6-channel

displays (Omega Engineering Model # DP462-T) monitor the temperature of various
points on the micro-reactor. The displays are calibrated for all of the common types of
thermocouples as well as the Fahrenheit and Celsius temperature scales.
The stainless steel lines of the micro-reactor are heated with heat tape and
wrapped in fiberglass tape for insulation. The heat tape is controlled via an 8-outlet
voltage regulator designed and built by Mr. Gary Wynn of the University of Tennessee
Chemistry Department Electronics Shop.

The voltage regulator switches are dual-

switch light dimmer slides. LED lights indicate the switch setting as the lights dim and
brighten according to the switch setting.

The voltage regulator is designed to

accommodate 3 lengths of heat tape (2 ft., 4 ft., & 6 ft.) with two additional outlets for
devices that draw more power such as heating mantles. Each outlet is protected by a
circuit breaker along with a master circuit breaker protecting the entire device.

3.1.8 Glass Saturators for Introduction of Liquids into the Gas Phase
The departmental glassblower, Mr. Arthur Pratt, made two variations of glass
saturators for the reactor. The first is a round bulb (as illustrated in Figure 35) with ¼inch glass tubing for the gas inlet and outlet. The gas inlet had a coarse frit near the
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bottom of the saturator for gas dispersion. This design requires a large amount of liquid
to work optimally. The second saturator is a two-piece cylindrically shaped saturator
that is sealed with an o-ring compression seal (see Figure 42). The coarse frit for gas
dispersion and 1/4-inch glass inlet and outlet tubing was maintained. The saturators are
attached to the reactor through Swagelok Ultra-Torr fittings and stainless steel flex
tubing on the incoming gas lines.
The catalysis micro-reactor is capable of investigating catalytic reactions as well
as perform multiple characterization techniques such as temperature programmed
desorption

(TPD),

temperature

programmed

oxidation

(TPO),

or

temperature

programmed reduction (TPR). Future plans for the micro-reactor include automating
and synchronizing the components of the micro-reactor with software such as LabVIEW
or Visual Basic and replacing the oil diffusion pump (on the RGA) with a turbomolecular
pump.
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Figure 42: Glass Saturator Schematic Representation
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Chapter 4: Alcohol Dehydration/Oxidative Dehydrogenation
4.1 Introduction
Alcohol decomposition reactions are commonly used to characterize the acidity
of catalysts.9, 15, 54, 59-66, 68-70, 109-114 The decomposition reactions involve dehydration to
the alkene or oxidative dehydrogenation to the aldehyde for primary alcohols, or the
ketone for secondary alcohols (Figure 43).

Quick and simple characterization

techniques that allow easy comparison of catalysts is always desired. Wachs proposed
alcohol decomposition reactions as a method of characterizing the solid acidity or
basicity of catalysts using temperature programmed surface reaction (TPSR). 9,

10, 64

Wachs’ work with isopropanol64 and methanol9, 10 illustrate a protocol for describing the
acidity of a catalyst through the decomposition products as well as quantifying the
number of active sites in the catalyst. Through the use of thermogravimetric analysis,
Wachs’ group has been able to use mass gain/loss upon alcohol adsorption/desorption
to quantify the number of active sites present. During desorption, mass spectrometry is
used to identify the products evolved to determine the acidity or basicity of the catalysts.
This chapter describes the results of our efforts to characterize the acid-base
properties of building block-based titanosilicates and vanadosilicates. Through the use
of a catalysis micro-reactor, the reactivity of the embedded BB-TiO4 and isopropoxytitanium building block catalysts described in Chapter 2 as well as embedded
vanadium(IV & V) building block catalysts (supplied by Dr. Ming-Yung Lee)57 are
characterized for alcohol decomposition reactions using isopropanol and ethanol.
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Figure 43: Decomposition of Primary and Secondary Alcohols
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4.2 The Differential Micro-Reactor
Kinetic data can be obtained with a catalytic micro-reactor (see chapter 3)
operating in differential mode.

Differential mode defines a set of conditions where

conversion of substrate is small, typically <10%. When the conversion is less than 10%,
the space velocity of substrate is greater than the catalytic site turnover resulting in the
saturation of the catalytic sites. This leads to a situation where all active sites have
substrate bound to them and the concentration of the loaded sites in uniform, i.e. no
concentration gradient exists in the catalyst.
Figure 39 is an illustration of the catalyst in a reaction tube where FAo is the
incoming substrate flow and FAe is the exiting substrate flow. The incoming substrate
stream with an initial flow, FAo, and concentration, CAo, interacts with the catalyst of
weight W. When catalysis occurs, the incoming substrate flow and concentrations are
reduced giving the final flow, FAe, and substrate concentration, CAe, the product flow, FP,
and product concentration, CP (Figure 44). The rate of product accumulation is the
change in flows plus the rate of generation, i.e.:

FAo

FAe

Given that flow (F) is equal to velocity (

( r ' A )W

0

times concentration (C), solving for the rate in

terms of concentration yields:

r'A
where

o

and

o

C Ao
C Ae
W

are initital and final velocities of the substrate, respectively. Under

constant flow and low conversion (<10%), the two velocities will be approximately equal
and the equation above reduces to:
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Figure 44: Description of Flows in a Differential Reactor
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o

r' A

(C Ao C Ae )
W

With large flows and small amounts of catalyst, the rate expression can be expressed in
terms of the substrate concentration in the catalyst bed:

r 'A

r 'A CA

bed

Under conditions of low conversion, the substrate concentration in the catalyst plug as
the average of the initial and final reactant concentrations, i.e. CA-bed ~ CAo, the reaction
rate in a differential reactor is a function of initial substrate:

r' A

r ' A C Ao

The small sample size also results in isothermal catalyst.115 This simplification provides
a quick and simple system to evaluate the apparent kinetic parameters of a catalyst.

4.3 A Walk with Arrhenius
In the building block methodology, all sites are assumed to be identical, all sites
should exhibit identical activity and the concentration of sites is known from how much
metal is added during synthesis. Thus, under differential reactor conditions, with a
single-site catalyst, accurate activation parameters should be obtained for the reaction
via an Arrhenius analysis. Svante Arrhenius proposed a model for understanding how a
molecule of substrate is transformed into a molecule of product where a fraction of
molecules were “activated” in that they possess energy greater than the minimum
amount of energy (Ea) needed to react, the activation energy (E a). This number of
molecules with energy Ea increases exponentially with temperature according to e -E/RT
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where R is the gas constant (8.314 J K-1 mol-1). The equation can be expressed simply
as:

ln k

ln Aapp

Eaapp
RTc

where k is the reaction rate, Aapp is the preexponential factor (sometimes referred to as
the frequency factor), Ea is the activation energy, and Tc is the catalyst temperature.
Analysis of Arrhenius plots can be confusing when comparing data for reactions in
which both the rate and underlying energetics change simultaneously. Figures 40 & 41
illustrate an easy way to compare the kinetic parameters of different catalysts used in a
reaction. In Figure 45, activity and the temperature of reaction are correlated with one
another. The y-axis position of the linear fit to the Arrhenius plot relates to activity. A
catalyst with a more positive intercept (the pre-exponential factor, A) has a higher
activity than a catalyst with a less positive intercept. The position along the x-axis
equates to the temperature that the reaction is observed, i.e. the “light-off” of the
catalyzed reaction.

Higher 1/T values represent initiation of the reaction at lower

temperatures while lower 1/T values represent higher reaction initiation temperatures.
Figure 46 illustrates how activation energies change in Arrhenius plots. Larger slopes
indicate a higher barrier to overcome in the reaction coordinate (a higher Eapp) while a
lower slope indicates a lower barrier in the reaction coordinate. A lower E app is desired
as that indicates less energy is needed in the formation of products.
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Figure 45: Effect of Experimental Data on Arrhenius Linear Fit Line Location
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Figure 46: Effect of Slope on Activation Energy
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4.4 Catalysis Studies
Embedded
V(OSi≡)4),

and

titanium(IV)-silicate
vanadyl-silicate

(BB-Ti(OSi≡)4),

(BB-O=V(OSi≡)3)

vanadium(IV)-silicate

were

used

in

the

(BB-

alcohol

decomposition studies. The synthesis of BB-Ti(OSi≡)4 is described in Chapter 3 while
the vanadium(IV)-silicate (MYL-II-216) and vanadyl-silicate (MYL-II-146) were supplied
by Dr. Ming-Yung Lee.57

Isopropanol (ACS grade, Fisher Scientific) and absolute

ethanol (Fisher Scientific) were used as received. Catalysts (~40 mg) were placed into
quartz U-shaped tubes (0.4 cm ID) in between plugs of quartz wool.
The following catalyst testing protocols were used in these studies: helium
was used as the inert carrier gas and oxygen was added to support oxidation/reduction
reactions mediated by the catalyst.

Molar ratios of the carrier gas, substrate, and

oxygen were 85:1:14 (helium:alcohol:oxygen). The gases were introduced via massflow controllers and the alcohols were introduced by bubbling helium through glass
saturators. The temperature of the alcohols were controlled with an ice water bath and
maintained at 1oC (monitored with a thermocouple during the catalytic runs).

The

stainless steel lines and valves of the catalysis micro-reactor beyond the saturators
were heated to 80oC to prevent condensation of the alcohols. The concentration of
alcohols was determined by calculating the concentration of the alcohol at 1 oC using
information from the Lange’s Handbook of Chemistry. 116

Using isopropanol as an

example, the vapor pressure of isopropanol (in atmospheres) can be calculated via the
Antoine equation:
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A

p 10

B
t C

For isopropanol, the coefficients are A = 8.11778, B = 1580.92, C = 219.61, while t is
the alcohol temperature in Celsius. The coefficients for ethanol are: A = 8.32109, B =
1718.1, & C = 237.52. Solving the ideal gas law (pV = nRT; where p is the vapor
pressure of the alcohol, V is the volumetric flow rate (liters/minute), n is the moles of
alcohol, R is the gas constant (0.082057 L-atm-mol-1-K-1), and T is the alcohol
temperature in Kelvin) for n yields the concentration of alcohol in a certain volumetric
flow at temperature t (the temperature used to calculate the vapor pressure).
The catalysts were pre-treated in a helium/oxygen flow (65 cc/min He/ 8.5 cc/min
O2) at 350oC for 30 minutes and the catalysts allowed to cool under the He/O 2 flow prior
to the initial catalytic run for the pre-calcined (as-synthesized) catalysts.

Reaction

products were analyzed by an SRI 8610C Multiple Gas Analyzer GC equipped with an
MXT-30 capillary column and a flame ionization detector (FID). Kinetic analysis was
performed using data from the 1-10% conversion range, i.e. under differential reactor
conditions.

The apparent activation energies and pre-exponential factors were

determined from Arrhenius plots for first order kinetic reactions. 59 Turnover frequencies
were calculated assuming all sites created during synthesis are identical and active
during catalysis. After determining an initial light-off curve, samples were calcined in a
helium/oxygen stream at 500oC for five hours and then re-tested for catalytic activity.
Blank analyses were performed using a blank quartz U-shaped tube with quartz wool
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(no catalyst) and with two silicate samples: 1) Davosil-635 silica and 2) a BB-silicate
blank with no titanium or vanadium present.

4.4.1 Isopropanol Decomposition Studies
The decomposition of isopropanol resulted in only one product in the analysis
range (<10% conversion of isopropanol) for both the titanium and vanadium catalysts:
propene. Acetone was observed at higher temperatures at a level similar to what is
observed in blank samples (<10% at 300oC, <25% at 500oC). In the pre-calcination
catalysts, CO and CO2 were observed (~5 - 10%) at temperatures above 400oC. This is
due, in part, to calcination of the catalyst at the high temperatures where organic
functional groups such as (-Si(CH3)3) on the silicate support decompose.

After

calcination, only trace amounts of CO and CO2 (<1%) were observed.
Comparison of the catalyst data to that of blanks, i.e. tube + quartz wool only
(Figure 47) and a Me3Sn-platform (Figure 48), i.e. a BB-silicate platform with residual
Me3Sn-groups on the surface, indicate that at temperatures below 250 oC, virtually all
catalytic activity is due to added active metal (Ti or V) in the sample. The U-tube/quartz
wool blank exhibited no selectivity with ~3% conversion at 300oC. The total conversion
was ~45% at 425oC (Figure 47). The pre-calcination BB-silicate blank with residual
Me3Sn-groups exhibited minor activity with ~ 2% propene formation up to 300 oC. After
300oC, the formation of propene increased to ~ 10% at 375oC with no acetone observed
and ~38% propene and ~7% acetone at 500oC. Calcination of the Me3Sn-loaded BBsilicate resulted in a significant increase in activity.

At 300 oC, ~10% propene was

observed (no acetone) and the propene increased to ~47% propene (~7% acetone) at
500oC (Figure 48). Davosil-635 silica (Figure 49) dehydrated isopropanol with
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Figure 47: Light-off Curve for the Blank Tube with Quartz Wool
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Figure 48: Light-off Curve for the BB-silicate with Residual Me3Sn-groups; AS represents the pre-calcination catalyst and CAL
represents the calcined
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Figure 49: Light-off Curve for Davosil-635 SiO2
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approximately 5% propene formed at 300oC (no acetone observed at this temperature)
and ~32% propene (~ 5% acetone) at 350oC.

4.4.2 Isopropanol Decomposition with the Embedded BBTitanosilicate, “BB-Ti(OSi≡)4”
The light off curve for the “BB-TiO4” titanosilicate, pre- and post-calcination, is
shown in Figure 50. Acetone production is only observed (~1%) at high temperatures
(T > 400oC) and mimics that of the platform suggesting that acetone is due to the
catalysis reactor (i.e. wool, tube walls) and not the sample. Formation of acetone is
suppressed when blank silica or catalyst is present in the reactor.

It is currently

unknown why this occurs, but it is being studied. At 305 oC, the selectivity for propene is
100% at 25% total conversion of isopropanol. The turnover frequency (TOF) at 200oC
for propene formation, calculated from an Arrhenius analysis, was 2.69 x 10 -4 sec-1 with
an apparent activation energy of 66 kJ/mol and a pre-exponential factor of 6.27 x 103
sec-1 (Figure 51). Figure 51 and similar figures herein contain the light-off curve, the
Arrhenius plot for the full range of temperatures tested, and the region of the Arrhenius
curve where kinetic parameters were obtained.

The temperature used for TOF

determination was chosen due to its location near the differential region of analysis and
for ease of comparison to the activity of metal oxides toward isopropanol decomposition
as reported by Kulkarni and Wachs.64 Selectivity is reported near 300oC, the highest
temperature where thermal effects do not significantly contribute to the activity.
The activity of the BB-TiO4 titanosilicate increased after calcination. Selectivity at
300oC was 100% for propene at 55% total conversion of isopropanol (Figure 50). The
an apparent activation energy of 67.7 kJ/mol (Figure 51) with a turnover frequency
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Figure 50: Light-off Curve Comparison for the BB-TiO4 titanosilicate
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Figure 51: Arrhenius Data for BB-TiO4
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Figure 52: Arrhenius Data for the Calcined BB-TiO4
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at 200oC was 9.53 x 10-3 sec-1 and a pre-exponential factor of 2.68 x 105 sec-1 (Figure
52). During calcination, structural knowledge of both the active sites and BB-silicate
matrix in general decreases as many aspects of both change dramatically.

Methyl

groups from the silicon cross-linker ((≡Si-O)2-Si(CH3)2) and trimethylsilyl (TMS) groups
(≡Si-O-Si(CH3)3) are decomposed presumably forming silanol groups initially (Figure
53). The formation of silanols is expected during calcination resulting in a surface that
resembles silica. Silanols in close proximity to one another are expected to condense
forming siloxane bridges and evolving water. This results in a more hydrophilic surface
than the pre-calcined catalyst.
The activation energy derived from the kinetic data for the calcined catalyst
suggests the mechanisms of catalysis (and therefore the sites involved) are similar to
that exhibited by the pre-calcination catalyst.

A similar mechanism suggests the

integrity of the embedded BB-TiO4 catalytic site was maintained during calcination. The
higher activity could be due to the development of a more open structure where more
sites are accessible, but the basic catalytic ensemble and mechanism remains
unchanged.

4.4.3 Isopropanol decomposition with the tripodal analogue “BB(iPrO)Ti(OSi≡)3”
Tripodal HOTi(OSi)3 sites are proposed to be the active sites formed in Ti-MCM41 after reaction of CpTiCl3 with MCM-41 and calcination.36 The tripodal site is also
proposed to be the defect site in TS-1 and is thought to be responsible for much of the
catalytic activity exhibited by this material.40

The activity toward isopropanol

decomposition of the “BB-(iPrO)Ti(OSi≡)3” tripodal titanosilicate analogue is expected to
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Figure 53: The Decomposition of Organic CH3-Si groups During Calcination Including the
Formation and Condensation of Silanols
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be greater than that of the embedded titanosilicate as the titanium is possibly more
accessible

to

forming

the

isopropoxy-titanium

intermediate

in

isopropanol

decomposition. Starting with isopropoxy-titanium as the catalytic ensemble should open
a coordination site instead of requiring either coordination expansion or Ti-O-Si bridge
breaking to form Ti-OiPr…HO-Si ensembles.
Surprisingly, the “BB-(iPrO)Ti(OSi≡)3” catalyst’s light-off behavior was observed
to occur at higher temperatures than the embedded “BB-TiO4” catalyst. The conversion
at 305oC was 0.45% with 100% selectivity for propene (Figure 54). As the temperature
increased above 300oC, the catalyst lights off very rapidly.

The activity increased

dramatically to total decomposition of isopropanol by 450 oC as opposed to 500oC as
observed for with the embedded “BB-TiO4” catalyst. The apparent activation energy for
the tripodal titanium (59 kJ/mol – Figure 55) was lower than that of the “BB-TiO4”
catalyst (67 kJ/mol). The Arrhenius plot (Figure 55) indicates a higher activity for the
tripodal titanium even though it exhibited a higher light off temperature. The turnover
frequency (3.08 x 10-4 sec-1) is similar to that of the embedded

titanosilicate (2.69 x

10-4 sec-1) as well as the pre-exponential factors (2.52 x 103 sec-1 vs. 6.27 x 103 sec-1
respectively).
Calcination of the tripodal titanium catalyst caused rather dramatic changes in its
behavior as a catalyst.

The temperature range where activity was observed was

considerably lower than with the pre-calcination catalyst. At 275oC, the conversion was
95% with 100% selectivity toward propene (Figure 54). This is a striking difference
when compared to the 0.45% conversion observed at 300 oC in the pre-calcination
catalyst. The calcined catalyst exhibited(Figure 56) an apparent activation energy of 78
126

i

Figure 54: Light-off curve for the tripodal ( PrO)TiO3 catalyst
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Figure 55: Arrhenius Data for the BB-( PrO)Ti(OSi)3

128

i

Figure 56: Light-off curve for the calcined ( PrO)TiO3 titanosilicate
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kJ/mol while the turnover frequency was three orders of magnitude larger at 0.39 sec-1
with a frequency factor of 1.64 x 108 sec-1.

4.4.4 The Effect of Titanium site on Isopropanol Decomposition
From the results that have just been described, the type of titanium site in the
silicate matrix does have an influence in the activity toward isopropanol decomposition.
Both pre-calcined titanium catalysts are highly selective toward propene. The tripodal
titanium lights off at a higher temperature than the embedded titanosilicate. While the
Arrhenius plots may indicate the tripodal titanium has a higher overall activity after lightoff occurs, the turnover frequencies at 200oC are comparable.
A possible mechanism for the formation of propene from iPrOH is as follows: the
“BB-TiO4” embedded titanosilicate in the presence of isopropanol may undergo a
coordination expansion followed by cleavage of a Ti-O-Si bond as a possible
mechanism to bind the alcohol (Figure 57). The cleavage of the Ti-O-Si bond allows the
formation of an intermediary titanol group (i.e. Ti-OH) where the –OH of the alcohol is
“transferred” to the titanium.

The (O-Si)-group is left to extract hydrogen from the

alcohol in the process of forming propene. The Ti-OH and Si-OH groups then condense
evolving water and re-form the embedded TiO4 site (Figure 53).
Understanding the behavior exhibited by the tripodal “BB-(iPrO)Ti(OSi)3” is more
complicated. The active site begins with the equivalent to a pre-adsorbed isopropoxide,
similar to that proposed for the embedded “BB-TiO4” catalyst (Figure 57). Therefore,
competitive binding may occur where an incoming isopropanol may either 1) contribute
to the decomposition of the original isopropoxide ligand initially bound to the site
resulting in the isopropoxide being replaced by another isopropoxide ligand (Figure 58)
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Figure 57: Possible mechanism for isopropanol dehydration with the BB-TiO4 titanosilicate
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Figure 58: Isopropanol dehydration with the pre-calcination BB-( PrO)TiO3 tripodal titanosilicate
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or 2) the initially bound isopropoxide undergoes decomposition to form an active site
containing a Ti-OH moiety (Figure 58 )while evolving propene and resulting in an active
site similar to that expected to exist post-calcination (Figure 59). With the available data
in hand, either scenario is possible. The first scenario may explain the data observed at
low reaction temperatures (up to 300oC). The second scenario may reflect the change
in the catalyst that results in the increased activity observed above 300 oC.
While calcination increases the activity of both catalysts toward dehydration, little
change in the embedded BB-TiO4 apparent activation energies suggest similar sites
exist before and after calcination resulting in similar isopropanol decomposition
mechanisms. The increase in the TOF could be due to 1) altering the accessibility of
sites and/or 2) a change in the hydrophilicity of the catalyst, going from a hydrophobic
surface covered with methyl groups (-Si(CH3)3) and no hydroxyl groups to a surface
terminated with a significant number of hydroxyls. Hydrophilicity is thought to impact
activity in epoxidation reactions with titanosilicates where hydrogen peroxide (H2O2) is
the oxidant due to the favorable interactions of the more polar surface (relative to the
pre-calcination surface terminated with hydrophilic methyl-groups) and the polar
peroxide.117, 118
Figure 59 illustrates the possible change in the tripodal site during calcination.
The transformation from an isopropoxide ligand to a hydroxide ligand is expected to
result in the increased activity. The activity is in fact greatly increased after calcination
with a dramatic reduction in the temperature at which the decomposition reaction is
observed and in the apparent activation energy. The calcined tripodal BB-titanosilciate
is also expected to benefit from silanols formed during calcination that are located in
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Figure 59: Possible mechanism for isopropanol dehydration with the calcined BB-( PrO)TiO3
tripodal titanosilicate
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close proximity to the active site as illustrated in Figure 59. The presence of noninnocent silanols may promote the reaction by helping bind the isopropanol or by
extracting hydrogen to form the propene.

4.4.5 Isopropanol Decomposition with embedded vanadyl-silciate,
“BB-(≡SiO)3V=O”
Isopropanol decomposition with the embedded vanadyl-silicate “BB-O=V(OSi≡)3”
is selective toward dehydration to propene. At 305oC, the conversion to propene is 19%
at 100% selectivity (Figure 60). Acetone is observed at temperatures above 350 oC, but
only in low conversions (< 3%). The apparent activation energy for propene formation is
70 kJ/mol (Figure 61) with a pre-exponential factor of 1.25 x 104 sec-1 and a turnover
frequency at 200oC of 2.29 x 10-4 sec-1.
At temperatures above 450oC, the catalyst goes through two color changes from
pale purple to off-white to yellow.

After calcination the catalyst is golden yellow

suggesting that it has changed significantly in the calcination process. Propene is still
the primary product with 100% selectivity at 305 oC; however, acetone appears at a
lower temperature than in the pre-calcined samples with 3% observed at 395 oC (Figure
60). The apparent activation energy derived from the data also indicates a change has
occurred as it decreased to 61 kJ/mol (Figure 62). The turnover frequency increased
dramatically to 3.63 x 10-2 sec-1 while the pre-exponential factor was 2.14 x 105 sec-1.
This corresponds with the total conversion of isopropanol increasing significantly after
calcination.
Since the catalyst changed during calcination, the influence of oxygen was
studied by re-doing the experiment without the helium/oxygen pre-treatment or oxygen
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Figure 60: Light-off curves for the BB-(≡SiO)3V=O vanadyl-silicate
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Figure 61: Arrhenius Data for the BB-(≡SiO)3V=O Vanadosilicate
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Figure 62: Arrhenius Data for the BB-(≡SiO)3V=O Vanadosilicate
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in the substrate stream during catalysis. The catalyst did exhibit a color change at high
temperatures without oxygen present. The light-off curve (Figure 63) indicates the color
change is temperature induced as the apparent activation energy is close to that of the
pre-calcined catalyst, 71 kJ/mol vs. 70 kJ/mol respectively (Figure 63). The turnover
frequencies at 200oC (2.99 x 10-4 sec-1 vs. 2.29 x 10-4 sec-1 respectively) and preexponential factors (1.48 x 104 sec-1 vs. 1.25 x 104 sec-1 respectively) were also similar
indicating oxygen was not a major contributor to the catalytic cycle.

4.4.6 Isopropanol Decomposition with embedded vanadosilciate, “BBV(OSi≡)4”
The embedded BB-vanadium(IV)-silicate “BB-V(OSi)4” differs from the embedded
vanadyl-silicate by the presence of a V=O functionality in the vanadyl-silicate and the
oxidation state of the vanadium: +4 in the BB-vanadium(IV)-silicate and +5 in the BBvanadyl-silicate. The BB-vanadium(IV)-silicate exhibited selectivity toward isopropanol
decomposition resembling that of the BB-O=V(OSi)3.

At 300oC, 14% propene was

observed with 100% selectivity (Figure 64). No acetone is observed up to 350 oC. The
apparent activation energy of 76 kJ/mol (Figure 65) indicates more energy is needed to
dehydrate isopropanol when compared to the vanadyl-silicate. A turnover frequency of
1.89 x 10-3 sec-1 was observed along with a pre-exponential factor of 4.71 x 105 sec-1.
The embedded BB-vanadium(IV)-silicate was subjected to the isopropanol
decomposition study without the pre-treatment or presence of oxygen in the substrate
stream just as with the vanadyl-silicate. The results of this study suggest oxygen plays
a role in the catalysis. The apparent activation energy was determined to be 71 kJ/mol
(Figure 66). An oxygen pre-treatment followed by the use of oxygen in the substrate
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Figure 63: Arrhenius Data for the BB-(≡SiO)3V=O Vanadosilicate without O2 Pretreatment or Use in Catalytic Reaction
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Figure 64: Light-off curves for the BB-V(OSi≡)4 vanadosilicate
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Figure 65: Arrhenius Data for the BB-V(OSi≡)4 Vanadosilicate
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Figure 66: Arrhenius Data for the BB-V(OSi≡)4 Vanadosilicate without O2 Pretreatment or Use in Catalytic Reaction
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stream possibly oxidizes vanadium(IV) centers to vanadium(V). This is a well known
process and has been studied by Bell.16 The turnover frequency (7.33 x 10-4 sec-1) and
pre-exponential factor (8.73 x 104 sec-1) are also lower than the pre-treated catalyst
studied in an oxygen environment.
Calcination of the embedded BB-vanadium(IV)-silicate resulted in a color change
from purple to yellow, as with the BB-vanadyl-silicate. At 300oC, 28% propene was
observed with 1% acetone (Figure 64).

By 350oC, 3% acetone is observed as a

product. The appearance of acetone indicates a difference between the pre-calcination
and calcined catalyst in addition to the color change. The activation energy for the
vanadium(IV)-silicate is 58 kJ/mol (Figure 67) while the turnover frequency was 4.09 x
10-3 sec-1 with a pre-exponential factor of 1.18 x 104 sec-1.

4.4.7 Isopropanol Decomposition with BB-Vanadium(IV & V)-Silicates
The two types of vanadosilicates studied exhibit similar activity toward
isopropanol decomposition. Both are selective toward propene.

The “BB-V(OSi≡)4”

catalyst was observed to have a higher TOF than the “BB-(≡SiO)3V=O” catalyst.
However oxygen is important for the “BB-V(OSi≡)4” catalyst but not so for the BB(≡SiO)3V=O catalyst as oxidation to vanadium(V) probably occurs during catalysis due
to the presence of oxygen.

The “BB-(≡SiO)3V=O” catalyst has a lower activation

energy, however, suggesting it requires less energy to dehydrate isopropanol than the
“BB-V(OSi≡)4” catalyst.
Vanadium catalysis presents some interesting challenges due to the mobility of
vanadium in (and out of) supports.16,
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Lee observed a temperature dependence of
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Figure 67: Arrhenius Data for the Calcined BB-V(OSi≡)4 Vanadosilicate
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the stability of vanadium during the synthesis of vanadium building block catalysts.57
The yellow color change strongly suggests that polymeric V-O-V domains or the
presence of crystalline vanadia domains have formed in the catalyst. It is not surprising
that supported vanadium catalysts would change colors upon calcination when
considering this point.

However, why catalysts such as V-SBA-15 containing

supposedly atomically dispersed vanadyl centers prepared via a thermolytic molecular
precursor method do not exhibit this color change under the same conditions remains
unexplained.

The reason could be as simple as vanadium content:

the higher

vanadium content in the building block catalysts results in more chances a mobile
vanadium atom will interact with another vanadium atom forming polymeric tetrahedral
V-O-V domains or crystalline vanadia domains.
The “BB-V(OSi)4” vanadosilicate is expected to operate via a similar mechanism
to that of the “BB-TiO4” titanosilicate illustrated in Figure 57. The “BB-(≡SiO)3V=O”
vanadosilicate is different however, due to the vanadyl-group and the mechanism may
proceed similar to that proposed by Bronkema, et al. for methanol decomposition.16
Figure 68 illustrates the proposed mechanism for methanol decomposition on vanadyl
centers.16 In this reaction mechanism, a V-O-Si bond is cleaved to form the vanadylmethoxide and a silanol. This is analogous to the expected adsorption of isopropanol
where a vanadyl-isopropoxide is formed.

One piece of evidence to support this

mechanism is the color changes that are thought to result from metal migration and
agglomeration.
Calcination results in a lower apparent activation energy for the BBvanadosilicates. The calcined BB-V(OSi)4 catalyst, however, produced acetone at
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Figure 68: Chemisorption of Methanol onto Supported vanadyl center and Resulting
Decomposition (From Ref. # 16)
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350oC when the BB-(≡SiO)3V=O catalyst did not. The presence of acetone is indicative
of an oxidation/reduction route and is stron evidence that a different type of site is
present than the original Lewis acid site.64 The BB-(≡SiO)3V=O catalyst exhibited a
higher activity upon calcination than the calcined BB-V(OSi≡)4 catalyst. The differences
in activity and visible changes in the catalysts suggest that different vanadium
precursors produce different catalytic sites upon calcination, i.e. the sites present after
calcination in the BB-V(OSi≡)4 catalyst are not identical to the sites present in the BBO=V(OSi≡)3 catalyst after calcination.

4.4.8 Titanium vs. Vanadium: Isopropanol
Table 2 summarizes the activity and kinetic data for isopropanol decomposition.
Titanium and vanadium are neighbors on the periodic table. The embedded BB-TiO4
titanosilicate, tripodal BB-(iPrO)Ti(OSi≡)3 titanosilicate, and embedded BB-(≡SiO)3V=O
vanadylsilicate catalysts contain d0 centers while the BB-V(OSi≡)4 vanadosilicate
catalyst contains a d1 center. The catalysts involving d0 centers exhibit similar turnover
frequencies (~10-4 sec-1) while the d1 catalytic center is an order of magnitude higher
(~10-3 sec-1). All four catalysts strongly favor dehydration at temperatures up to 350 oC.
Calcination of the embedded BB-TiO4 titanosilicate results in minimal changes to the
active site based on activation energies while the BB-vanadosilicates undergo a color
change and exhibit significantly lower apparent activation energies after calcination.
The calcined tripodal BB-(iPrO)Ti(OSi≡)3 titanosilicate is the most active and exhibits the
lowest apparent activation energy of the group at 11 kJ/mol.

Due to the thermal

instability of the vanadosilicates, the titanosilicates are the preferred catalysts for
isopropanol dehydration.
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Table 2: Activity and Activation Energies for BB-Catalysts Toward Isopropanol Decomposition
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4.5 Ethanol Decomposition
Bio-ethanol has received much attention lately due to the rising cost of
petroleum-based ethanol.54, 76 As a cheap, renewable resource-based, research on the
decomposition of bio-ethanol to acetaldehyde and ethylene has increased. 54 Ethanol
undergoes dehydration and dehydrogenation reactions to produce ethylene and
acetaldehyde (Figure 19), similar to isopropanol. However, primary alcohols are less
likely to dehydrate than secondary alcohols.71

Ethanol is well suited to probe the

acid/base characteristics of the catalyst ensembles more so than methanol that
dehydrogenates to form formaldehyde, which decomposes easily, 120 or dehydrates to
form dimethyl ether.
An analysis of blank samples, without added metals was performed similar to the
isopropanol study and included 1) an empty tube with quartz wool, i.e. no catalyst
(Figure 69), 2) a BB-silicate platform with residual Me3Sn-groups (Figure 70), and 3)
Davosil-635 silica (Figure 71). Conversion with the blank tube was low, <2% at 400oC,
with a total conversion of ~28% at 500oC.

The BB-silicate platform exhibited less

activity than the blank tube with <1% conversion at 400 oC and a total conversion of <8%
at 500oC. The Davosil-635 silica blank exhibited more activity with ~7% acetaldehyde
and ~1% ethylene at 400oC with a total conversion of 62% (40% acetaldehyde, 22%
ethylene) at 495oC.
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Figure 69: Ethanol Decomposition Blank Analysis; Empty Tube with Quartz Wool
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Figure 70: Ethanol Decomposition Blank Analysis; BB-Silicate with Residual Me3Sn-groups
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Figure 71: Ethanol Decomposition Blank Analysis: Davosil-635 Silica
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4.5.1 Ethanol Decomposition with Embedded Titanosilicate BBTi(OSi≡)4
The BB-TiO4 embedded titanosilicate exhibited little selectivity toward ethylene
(12% conversion) or acetaldehyde (9% conversion) at 395oC (Figure 72). The observed
apparent activation energies for dehydration to ethylene (153 kJ/mol) as well as for
acetaldehyde (124 kJ/mol) (Figure 72) were higher than that the activation energy
values obtained in the dehydration of isopropanol. The turnover frequencies at 200 oC
observed were 2.09 x 10-7 sec-1 for ethylene and 1.40 x 10-6 sec-1 for acetaldehyde.
The observed pre-exponential factor for ethylene was 7.58 x 107 sec-1 and 1.72 x 1010
sec-1 for acetaldehyde.
Calcination of the BB-TiO4 embedded titanosilicate resulted in a reversal of the
product distributions with the conversion consisting of 22% acetaldehyde and 16%
ethylene at 395oC (Figure 73).

This was accompanied by a drop in the apparent

activation energies suggesting a change to the active site had occurred. The apparent
activation energy for ethylene formation was 99 kJ/mol and 106 kJ/mol for acetaldehyde
formation (Figure 73). The turnover frequencies were observed to increase (ethylene:
1.40 x 10-5 sec-1; acetaldehyde: 1.69 x 10-5 sec-1) while the pre-exponential factors
(ethylene: 8.83 x 106 sec-1; acetaldehyde: 1.33 x 106 sec-1) decreased.

4.5.2 Ethanol Decomposition with the Tripodal Titanosilicate BB(iPrO)Ti(OSi≡)3
The BB-(iPrO)Ti(OSi≡)3 tripodal titanosilicate, as with the BB-TiO4 embedded
titanosilicate, exhibited little selectivity toward propene (5% conversion) or acetaldehyde
(11% conversion) at 400oC with a total conversion of 18% (Figure 74). Small amounts
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Figure 72: Ethanol Decomposition with the BB-TiO4 Titanosilicate
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Figure 73: Ethanol Decomposition with the Calcined BB-TiO4 Titanosilicate
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Figure 74: Ethanol Decomposition with the BB-(iPrO)Ti(OSi)3 Titanosilicate
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of carbon dioxide (CO2) were also observed (~2%). The apparent activation energies
were higher than that of the embedded titanosilicate as well at 177 kJ/mol for ethylene
and 144 kJ/mol for acetaldehyde (Figure 74). The turnover frequencies at 200oC were
low at 2.91 x 10-10 sec-1 for ethylene and 1.28 x 10-8 sec-1 for acetaldehyde. Preexponential factors were comparable to that of the embedded titanosilicate (values in
parentheses), however, at 9.96 x 107 sec-1 (7.58 x 107 sec-1) for ethylene and 1.08 x
1010 sec-1 (1.72 x 1010 sec-1) for acetaldehyde.
Upon calcination of the BB-(iPrO)Ti(OSi≡)3 titanosilicate, the conversion to
ethylene dropped by nearly one-half to 4.5% while the conversion to acetaldehyde
stayed constant at 10% at 400oC (Figure 75). This was accompanied by a large drop in
apparent activation energy to 88 kJ/mol for ethylene and 97 kJ/mol for acetaldehyde
(Figure 75). The turnover frequencies at 200oC also increased two orders of magnitude
for ethylene production to 2.37 x 10-7 sec-1 and an order of magnitude for acetaldehyde
production to 2.20 x 10-7 sec-1. The pre-exponential factors decreased as was observed
with the embedded titanosilicate to 1.23 x 10 4 sec-1 for ethylene and 1.31 x 103 sec-1 for
acetaldehyde.

4.5.3 Comparison of Titanium Source on the Ethanol Decomposition
Reaction
The BB-TiO4 embedded titanium catalyst is a better ethanol decomposition
catalyst than the BB-(iPrO)Ti(OSi≡)3 tripodal titanosilicate analogue based on the
turnover frequencies at 200oC. The apparent activation energies are consistent with
this finding as the BB-(iPrO)Ti(OSi≡)3 tripodal titanium site exhibits higher activation
energies by approximately 20 kJ/mol for both the dehydration and dehydrogenation
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Figure 75: Ethanol Decomposition by the Calcined BB-(iPrO)Ti(OSi)3 Titanosilicate
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routes. The BB-TiO4 embedded titanosilicate exhibits significantly higher conversions of
ethanol to ethylene and acetaldehyde after calcination while the BB-(iPrO)Ti(OSi≡)3
tripodal titanosilicate exhibited similar acetaldehyde yields but lower yields of ethylene.

4.5.4 Ethanol Decomposition with embedded vanadyl-silciate,
O=V(OSi≡)3
Embedded vanadyl-silicate exhibited a preference toward dehydration over
dehydrogenation with 50% ethylene and 10 % acetaldehyde observed at 400 oC (Figure
76).

The turnover frequency at 200oC for ethylene was 0.0185 sec-1 with an apparent

activation energy of 114 kJ/mol and pre-exponential factor of 304 sec-1 while the
turnover frequency at 200oC for acetaldehyde production was 0.0619 sec-1 with an
apparent activation energy of 61 kJ/mol and a pre-exponential factor of 1.35 x 105 sec-1
(Figure 76).
The color of the vanadylsilicate changed color to yellow at high temperatures as
expected. Calcination of the embedded vanadyl-silicate catalyst decreased the ratio of
ethylene to acetaldehyde, and while the acetaldehyde kinetic data remained nearly
unchanged, the ethylene apparent activation energy decreased.
ethylene was observed with 11% acetaldehyde (Figure 77).

At 400 oC, 30%

This is a decrease in

overall activity after calcination. The acetaldehyde production trend resembles that of
the pre-calcination catalyst. The turnover frequency at 200 oC for ethylene was 0.0146
sec-1 with an apparent activation energy of 197 kJ/mol and pre-exponential factor of
3090 sec-1 while the turnover frequency at 200oC for acetaldehyde production was
0.0362 sec-1 with an apparent activation energy of 72 kJ/mol and a pre-exponential
factor of 4.84 x 105 sec-1 (Figure 77).
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Figure 76: Ethanol Decomposition with the BB-(SiO)3V=O Vanadosilicate
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Figure 77: Ethanol Decomposition with the Calcined BB-(SiO)3V=O Vanadosilicate

162

4.5.4 Ethanol Decomposition with Embedded Vanadosilciate, V(OSi≡)4
The embedded vanadosilicate V(OSi≡)4 exhibited considerably less activity than
the embedded vanadyl-silicate before calcination. Ethylene was still the predominate
product at 13% at 395oC along with 3% acetaldehyde (Figure 78).

The turnover

frequency at 200oC for ethylene was 0.0224 sec-1 with an apparent activation energy of
94 kJ/mol and pre-exponential factor of 908 sec-1 while the turnover frequency at 200oC
for acetaldehyde production was 0.0125 sec-1 with an apparent activation energy of 71
kJ/mol and a pre-exponential factor of 6.49 x 104 sec-1 (Figure 78).
Calcination of the embedded vanadosilicate resulted in little change in the
ethylene production:

15% ethylene observed, while the acetaldehyde production

increased to 10% (Figure 79). The turnover frequency at 200oC for ethylene was 7.96 x
10-5 sec-1 with an apparent activation energy of 111 kJ/mol and pre-exponential factor of
163 sec-1 while the turnover frequency at 200oC for acetaldehyde production was 2.49 x
10-4 sec-1 with an apparent activation energy of 72 kJ/mol and a pre-exponential factor
of 1.35 x 105 sec-1 (Figure 79). This results in a catalyst that is only slightly better
toward the dehydrogenation product, while calcining the catalyst did not affect its
dehydration ability.

4.5.5 Ethanol Decomposition with Vanadium(IV & V)-Silicates
Table 3 lists the activity and kinetic parameters for the decomposition of ethanol
with vanadium-silicate catalysts The embedded vanadyl-silicate exhibits higher overall
conversion of ethanol when compared to the embedded vanadium-silicate before
calcination.

While the turnover frequencies at 200oC may be similar, the vanadyl-
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Figure 78: Ethanol Decomposition with the BB-V(OSi)4 Vanadosilicate
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Figure 79: Ethanol Decomposition with the Calcined BB-V(OSi)4 Vanadosilicate
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Table 3: Summary of Activity and Activation Energies for Ethanol Decomposition with the BBcatalysts
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silicate exhibits a higher apparent activation energy toward dehydration and a lower
apparent activation toward dehydrogenation. The temperature range where 1-10 %
conversion was observed was at a lower temperature (by 50 oC) for the vanadyl-silicate
when compared to the vanadium-silicate.
Calcination once again resulted in a purple-to-yellow visual change in the
catalyst. The reactivity is different after calcination, with the vanadyl-silicate catalyst 2-3
orders of magnitude more active than the vanadium-silicate catalyst when comparing
turnover frequencies at 200oC. Calcination results in activity being observed at a lower
temperature for the vanadium-silicate but a higher temperature for the vanadyl-silicate.

4.5.6 Titanium vs. Vanadium: Ethanol
Table 3 lists the activity and kinetic parameters for the decomposition of ethanol
with titanosilicate and vanadosilicate catalysts. The vanadyl-silicate exhibits greater
selectivity with high overall ethanol conversion when compared to the titanosilicate
catalysts even with decomposition of the vanadyl-silicate at high temperatures. The
embedded titanium catalysts exhibit higher activity after calcination while the vanadiumsilicate exhibits lower activity. Calcination does not have a major effect on the turnover
frequencies of the vanadyl-silicate even though the activation energy is lowered.

4.6 Comparison of Isopropanol to Ethanol
For all catalysts, switching to ethanol from isopropanol resulted in lower rates,
higher light-off regions, and higher activation parameters.

This is consistent with

ethanol being a more challenging substrate than isopropanol. The dehydration product
was observed for isopropanol. Acetone formation was similar with both the blanks and
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the catalysts suggesting acetone is due to reactions with the silica support not the
added active metal.

Ethanol, however, resulted in less selectivity.

The BB-

vanadylsilicate and the BB-vanadosilicate exhibited a preference for dehydration to
ethylene.

The BB-titanosilicates exhibited no selectivity with ethanol, forming both

ethylene and acetaldehyde.

4.7 Effect of Calcination
Calcination may be described as a non-selective synthetic technique utilizing
high temperature and oxygen to oxidize and remove all organic functionality from the
catalyst. The materials scientist has very little control of what occurs in this process.
Consequently, our knowledge of exactly what the catalytic center is decreases in this
step. Does the site change? Are silanols formed in close proximity to the catalytically
active metal that participates in the catalytic cycle? These are questions that plague all
catalysts that undergo a calcination step.
The BB-catalysts prepared in this research undergo many changes during
calcination as the methyl groups on the dimethylsilane crosslinker and trimethylsilane
groups are removed forming silanols.

Silanols in close proximity are expected to

condense to form siloxane bridges and evolve water (Figure 53). The water (i.e. steam)
could serve as a leaching agent allowing mobility of the active metal centers on the
support. In the case of the tripodal titanium, the calcination step would remove the
isopropoxy group on the titanium forming a titanol that is either a reactive site in the
catalytic cycle or may condense with a nearby silanols to form an embedded titanium
center. It is also possible that only some sites condense with neighboring silanol groups
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thus yielding mixtures of tripodal titanols and embedded titanium centers. Furthermore,
upon calcination, the Lewis acidic catalytic centers could convert to more reactive
Brønsted acidic centers. This is one possible explanation for the increase in reactivity
upon calcination.

4.8 Reactivity Differences – Mechanistic Insights from the Literature
Many mechanistic pathways exist for alcohol decomposition reactions, especially
after calcination. However, two pathways are predominant: 1) cleavage of one or more
M-O-Si bond forming (≡SiO)xM-OR + H-OSi≡ (M = Ti, V, or O=V) followed by
recondensation of the catalytic ensemble after evolving the reaction products or 2)
expansion of the coordination sphere of the metal center without cleavage of the M-O-Si
bond. Bronkema et al. used various spectroscopic techniques and density functional
theory computational analysis to conclude that mechanistic pathway 1 described above
is the favored pathway for methanol oxidation to formaldehyde on V-MCM-48.16 For the
BB-vanadium catalysts investigated here, this could explain the instability of the
catalysts in protic solvents which appears to result in leaching of the catalyst off the
support and reformation of vanadia domains.
The mechanism involving cleavage of a M-O-Si bond to form the M-OR + H-OSi≡
center is an explanation for why the tripodal titanium exhibited such high activity toward
isopropanol dehydration after calcination. During calcination, a titanol (Ti-OH) species
would be formed when the isopropoxide ligand is removed.

The observed lower

apparent activation energy could be the result of no M-O-Si bond cleavage resulting in a
clearer view of the activation energy associated with the dehydration process. The
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observed value, 11 kJ/mol, is similar to that found when sulfated-MCM-41 is used to
dehydrate isopropanol (20 kJ/mol).69

4.9 Conclusions and Future Study
The solid acid BB-catalysts synthesized and studied in this work selectively
dehydrate isopropanol to propene with no acetone observed in the region where kinetic
data is obtained. Calcining the catalysts result in higher activities, although structural
and chemical definition of the catalytic ensemble become more difficult. Ethanol is a
more challenging probe of the catalytic center as opposed to isopropanol based on the
differences in selectivities observed among the catalysts. The vanadyl-silicate is the
best catalyst for ethanol decomposition even though high temperatures are required.
The effects of calcination on the structure of the catalyst ensemble and
surrounding support need to be studied further. The active sites need quantification via
temperature programmed surface reaction (TPSR). In situ XANES/EXAFS will provide
mechanistic insight and a link to the work by Bronkema & Bell. 16 In situ work might also
provide structural details for the calcined vanadium(IV & V)-silicates.

Raman

spectroscopy will be useful in determining if polymeric domains of tetrahedral vanadia
are present or if crystalline vanadia domains are formed during calcination.
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5. Conclusions and Future Work

5.1 Conclusions
One of the current challenges to synthesizing next-generation heterogeneous
catalysts is the lack of structural knowledge about the active site. This is due, in part, to
traditional synthetic methods. The building block methodology for synthesizing heterogeneous catalysts alleviates some of the challenges that lead to the lack of structural
knowledge. First, the use of the cubic spherosilicate, functionalized at the corners of
the cube, leads to dispersion of the active sites. The functionalization of the cubic
spherosilicate with trimethyltin-groups, which react with metal chlorides to form
trimethyltin chloride, allows the reaction to be tracked gravimetrically through the weight
loss equated to Me3SnCl. Second, the non-aqueous linking reaction dictates that only
the desired linking reaction will occur; i.e. no side reactions that may lead to metal
aggregation, a common issue in traditional synthesis.

The method of sequential

additions is utilized to further cross-link the silicate matrix thus locking the atomically
dispersed catalytic sites in place. The combination of a rigid building block, directed
linking reaction, and controlled stoichiometric addition strategy allow for the synthesis of
atomically-dispersed, single-site heterogeneous catalysts.
Knowledge obtained from each step of the linking reaction via gravimetric
analysis provides clues to the nature of the active site. This knowledge is then utilized
with other characterization techniques (Raman, EXAFS, NMR, etc) to define the
catalytic ensemble. This level of structural knowledge is needed to relate activity to site
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composition. The goals of this project were to synthesize and characterize building
block-based titanosilicates, construct a catalysis micro-reactor, and characterize the
activity

of

BB-titanosilicates

and

BB-vanadosilicates

via

alcohol

dehydration/dehydrogenation reactions.
In this work, a series of building block-based titanosilicates were synthesized via
the method of sequential additions and characterized via gravimetric analysis, Raman,
and EXAFS.

EXAFS and gravimetric analysis (when available) suggest three

titanosilicates have single-site character:

embedded TiO4, embedded tripodal

(iPrO)TiO3, & the surface site Cl3TiO. The two other titanosilicates in the series were
determined to have the composite structure <Cl2TiO2> and <ClTiO3> respectively. The
composite designation results from the inability to distinguish the intermediate sites
based on the available characterization techniques (gravimetric analysis and EXAFS).
The true single-site catalysts are the two synthetic extremes, when one (surface) or all
of the available chlorides (embedded) react.
Visible and UV-Raman spectroscopy were performed on the BB-TiO4 and BB(iPrO)TiO3 titanosilicates.

Fluorescence issues dominated the Raman when any

wavelength other than 244 nm were used and only Me3Sn-groups and Me3Si-groups
were observed when present in the BB-(iPrO)TiO3 titanosilicate.

No features were

observed in the visible spectrum for the BB-TiO4 titanosilicate. Utilizing UV-Raman
gave rise to enhancement of a feature at 1080cm-1 assigned to the Ti-O-Si stretch
enhanced by an Si-O  Ti ligand to metal charge transfer.

No enhancement of

features was observed in UV-Raman for the BB-(iPrO)TiO3 titanosilicate.
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Catalytic activity of the BB-TiO4 & BB-(iPrO)TiO3 along with embedded
vanadosilicates, BB-vanadylsilicate (O=VO3 site) and the embedded vanadium(IV)silicate (VO4 site), was surveyed utilizing alcohol dehydration/dehydrogenation
reactions. Isopropanol and ethanol were the alcohols chosen for the study. Control
studies were performed with Davosil-635 silica, a building block platform with residual
Me3Sn-groups, and a building block platform without Me3Sn-groups present.

The

results of the control studies suggest the activity in the 200-300oC region is due to the
added metal in the titanosilicates and vanadosilicates.
Both the titanosilicates and vanadosilicates behave as acid catalysts with
isopropanol. The BB-TiO4 titanosilicate exhibited similar apparent activation energies
pre- and post-calcination suggesting the site did not dramatically change during
catalysis. The BB-(iPrO)TiO3 titanosilicate exhibited an induction period prior to lighting
off resulting in a highly active catalyst with activity increasing after calcination. Both
vanadosilicates underwent color changes suggesting vanadium agglomerization
resulting from the thermal instability at temperatures >350oC. The apparent activation
energies suggest the two vanadosilicates behave differently toward isopropanol. Upon
calcination, the difference in apparent activation energies suggest the type of sites
formed during the calcination process are different.
A study of the catalytic decomposition of ethanol resulted in a difference in
selectivity. While all the BB-titanosilicates and BB-vanadosilicates were highly selective
to propene, no such selectivity was observed with ethanol. Both BB-vanadosilicates
exhibited higher selectivity (75% ethylene, 25% acetaldehyde) than the titanosilicates
where no selectivity (~50:50 ethylene to acetaldehyde ratios) was observed. Due to the
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differences in selectivity observed for ethanol and isopropanol, catalysis studies with the
combination of ethanol and isopropanol provides a greater understanding of the
oxidation ability of the catalyst.
Calcination of the catalysts adds complexity to the catalyst characterization as
structural knowledge is lost.

During calcination, all organics are decomposed and

removed transforming the catalyst from a hydrophobic surface to a more hydrophilic
surface. Active sites are possibly more accessible after calcination. Site accessibility is
a possible reason for the increased activity for the BB-TiO4 titanosilicate toward
isopropanol dehydration since the apparent activation energies are similar. Calcination
of the BB-(iPrO)TiO3 titanosilicate results in a dramatic increase in activity toward
isopropanol dehydration suggesting a change in the active site occurs.

The

vanadosilicates undergo color changes from purple to off-white-to yellow suggesting
vanadium mobility at high temperatures. The types of vanadium sites present after
calcination consist possibly of polymeric tetrahedral vanadia.

5.2 Future Work
The titanosilicates described in this work represent a spectrum of possible monoatomic sites in titanosilicates synthesized via traditional methods. The BB-(iPrO)TiO3 is
awaiting EXAFS analysis to verify the embedded nature of the catalyst and whether the
isopropoxide-group is exchanged for chloride during synthesis.

Furthermore, a

chloride-free dipodal and surface analogue should be synthesized for comparison as
chlorides are reactive and form catalytically active hydrochloric acid in protic media.
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The alcohol dehydration/dehydrogenation catalysis represents the first step in
utilizing the catalysis micro-reactor for catalyst characterization.

The next step for

alcohol dehydration/dehydrogenation reactions is a more thorough determination of the
rate law and repeating the study without the oxygen pretreatment or oxygen present
during catalysis to study more fully the effect oxygen has on the reaction. Further work
on defined MOx clusters embedded in the silicate matrix via the building block
methodology will provide insight into the types of sites needed to enhance selectivity or
activity.

5.3 Closing Remarks
This work is part of a larger study the goal of which is to develop a simple,
broadly applicable, general methodology for synthesizing rigorously single-site,
atomically disperse heterogeneous catalysts.

Obtaining rigorously single-site

heterogeneous catalysts with known active site composition is a fundamental goal for
catalysis scientists in the quest for next-generation catalysts. The work by Guan, et al.
relating the ethanol dehydration/dehydrogenation activity to atomically dispersed iron
species (FeO4-) or iron oxide domains (FeOx) in Fe-SBA-1554 provides a unique
foundation to build upon when relating activity to site structure.

The methodology

described herein to synthesize a specific type of site and embed it in a silicate matrix
forming a rigorous single-site catalyst with a known site structure places the Barnes
Group in an influential position to participate in the development of next-generation
catalysts.
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